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FOREWORD 

This  report  was  prepared  in  the  Mechanical  Engineering  Department 
of  the  Ohio  State  University  hy  S.  M.  Marco,  W.  Robinson,  M.  L.  Smith, 
Y.  H.  Sun,  T.  C.  Taylor  and  E,  H.  Zimmerman.  The  work  was  performed 
under  Contract  AF33(038)-23288  with  The  Ohio  State  University  Research 
Foundation.  It  was  administered  tinder  the  direction  of  the  Power  Plant 
Laboratory,  Directorate  of  Laboratories,  Wright  Air  Development  Center, 
Mr.  D.  M.  Chisel  acting  as  project  engineer.  The  research  covered  in 
this  retort  was  started  1 April  1951  and  was  completed  30  June  1952. 
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ABSTRACT 


Methods  of  controlling  equipment  temperature  rise  in  airborne  compart- 
ments at  supersonic  flight  speed  are  investigated.  Design  and  performance 
data  for  expanded  ram  air  cooling  systems  and  various  types  of  fuel-cooled 
equipment  cases  are  presented  for  steady-state  thermal  operation.  Other 
methods  of  controlling  temperature  rise  are  analysed  for  transient  thermal 
performance  and  design  procedures  for  their  applications  are  developed. 
Calculation  methods  are  given  in  detail.  Design  procedures  are  illustra- 
ted by  examples.  The  performance  characteristics  of  the  following  methods 
are  investigated  (l)  insulation  of  equipment  compartment  walls  without 
cooling,  (2)  insulation  of  individual  equipment  items,  (3)  fuel-jacketing 
of  eouipment  compartments,  (4)  cooling  of  the  compartment  atmosphere  by  means 
of  a central  fuel-cooled  heat  exchanger,  (5)  cooling  of  individual  equipment 
items  by  installation  on  a fuel -cooled  plate,  and  (6)  cooling  of  individual 
equipment  items  by  evaporation  of  an  expendable  coolant.  Methods  of  analysis 
and  criteria  for  the  selection  of  specific  means  for  the  control  of  tempera- 
ture rise  are  emphasised.  The  large  number  of  variables  by  which  each  prac- 
tical situation  would  be  defined  does  not  permit  a concise  description  of  the 
optimum  range  of  conditions  for  the  application  of  each  method. 

The  security  classification  of  the  title  of  this  report  is  UNCLASSIFIED. 

PUBLICATION  REVIEW 


The  publication  of  this  report  does  not  constitute  approval  by 
the  Air  Force  of  the  findings  or  the  conclusions  contained  therein.  It  is 
published  only  for  the  exchange  and  stimulation  of  ideas. 

FOR  THE  COMMANDER: 


Chief,  Power  Plant  Laboratory 
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INTRODUCTION 


This  report  is  concerned  with  the  presentation  of  the  information  de- 
veloped in  an  investigation  with  the  general  objective  of  studying  methods 
of  cooling  airborne  equipment,  but  specifically  intended  to  produce  data  on 
methods  for  controlling  the  temperature  rise  of  electronic  and  mechanical 
control  equipment  components  in  ramjet  installations.  Therefore,  only 
Sections  I and  II  are  concerned  with  analyses  assuming  steady- state  thermal 
operation,  while  Sections  III  through  XI  and  Appendix  III  on  fuel  tempera- 
ture rise  in  flight  are  concerned  with  methods  of  analysis  and  results 
obtained  in  the  study  of  transient  thermal  operation.  The  latter  approach 
has  been  chosen  because  when  operating  under  constant  environmental  condi- 
tions conducive  to  high  heat  gain,  few  equipments  would  reach  thermal 
equilibrium  in  less  than  two  hours,  which  has  been  considered  as  a reason- 
ably long  operating  time  for  the  specified  applications  under  consideration, 
The  reductions  in  size  and  weight  of  insulation  or  cooling  apparatus, 

■realized  by  designing  for  specified  terminal  temperatures  to  be  reached  in 
the  transient  state,  rather  than  to  be  maintained  in  the  steady  state  under 
terminal  environmental  conditions,  are  substantial,  as  indicated  repeatedly 
In  this  report. 

It  has  been  the  intention  in  preparing  this  report  to  present  in 
each  section  a phase  of  study  as  a self-contained  unit  since  the  variety  of 
aspects  covered  in  the  report  has  not  been  found  to  lend  itself  readily  to 
joint  summarization.  Therefore,  the  summary  presented  in  each  section  after 
the  introductory  remarks  is  intended  io  provide  an  indication  of  the  analyses, 
data,  conclusions,  design  procedures,  etc.  contained  in  that  particular  sec- 
tion. Throughout  the  report  methods  of  analysis,  calculations  and  design  are 
emphasized  since  it  is  intended  to  provide  the  necessary  information  that 
would  enable  the  reader  to  cope  with  specific  problems  of  similar  nature  in 
which  all  variables  are  defined.  Because  of  the  large  number  of  variables 
and  their  possible  combinations  fev  unconditional  recommendations  are  pre- 
sented. Instead  an  attempt  is  made  to  develop  in  each  section  the  necessary 
criteria  for  the  selection  of  each  means  of  limiting  equipment  temperature 
rise,  as  summarized  in  Section  XI. 

Section  I is  concerned  with  the  analysis,  performance  and  design  of 
expanded  ram  air  systems  for  compartment  or  heat  exchanger  cooling  by  means 
of  atmospheric  air  reduced  in  temperature  by  expansion  through  a turbine 
operating  under  load.  Off -design  performance  of  such  systems  is  not  analyzed 
but  indications  of  size,  weight  and  most  practical  ranges  of  design  operating 
conditions  are  given  on  the  basis  of  steady-state  performance.  Section  II 
deals  with  the  evaluation  of  various  heat  exchanger  configurations,  as 
applied  to  equipment  cases  cooled  by  fuel  flow  to  the  power  plant.  The  per- 
formance of  the  heat  exchangers  is  analyzed  in  terms  of  steady- state  operation, 
but  can  be  interpreted  on  the  basis  of  a constant  temperature  difference 
between  the  fuel  coolant  and  the  internal  equipment  atmosphere  which  may  cause 
the  equipment  temperature  to  vary  with  the  fuel  temperature,  while  the  rate  of 
heat  generation  within  the  equipment  case  would  remain  constant.  Sections  I 
and  II  need  not  be  studied  for  an  understanding  of  the  subsequent  sections. 
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Sections  III  through  XI  are  interrelated  in  that  they  are  all  concerned 
with  non-steady  state  analysis  and  methods  of  controlling  temperature  rise, 
taking  into  account  thermal  capacity  of  equipment  and  compartment,  with  and 
without  heat  generation.  In  Section  III  a general  system  for  transient 
analysis  of  installation  compartments  is  developed  which  takes  into  consi- 
deration most  possible  variables.  Section  IV  contains  a study  on  skin  tem- 
perature rise  which  indicates  the  basis  for  simplifying  assumptions  made  in 
the  subsequent  sections.  Sections  IV  through  X deal  with  specific  character- 
istics of  the  various  methods  suggested  as  applicable  to  the  control  of 
equipment  temperature  rise.  In  these  sections,  in  particular,  procedures 
of  analysis,  calculation  and  design  should  be  noted  since  they  are  general 
and  can  be  applied  readily  to  fully  defined  situations.  As  mentioned  pre- 
viously, Section  XI  summarizes  the  criteria  for  the  selection  of  methods  in 
specific  situations,  based  on  the  preceding  seven  sections,  and  is  intended 
to  outline  a design  approach. 


This  report  does  not  present  a specific  recommendation  for  every  situa- 
tion that  may  be  encountered  when  an  attempt  is  made  to  control  the  tempera- 
ture rise  of  equipment  components  at  high  flight  speed.  However,  it  is 
believed  to  fulfill  two  functions.  First,  it  demonstrates  the  feasibility 
of  temperature  rise  limitation  by  simple  means  for  relatively  long  flight 
times  and  severe  environmental  conditions.  Second,  it  provides  calculation 
methods  for  analysis  and  design  which  can  be  utilized  without  undue  effort 
to  the  solution  of  specific  problems. 
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SECTION  I 

GENERAL  PERFORMANCE  AND  PHYSICAL  CHARACTERISTICS  OF  EXPANDED 

RAM  AIR  SYSTEMS 


By  M.  L.  Smith  and  R.  H.  Zimmerman 


Utilization  of  atmospheric  air  as  a thermal  sink  for  direct  cooling  of 
aircraft  auxiliaries,  i.e.  by  air  taken  aboard  an  aircraft  and  passed  directly 
over  or  through  the  equipments  to  be  cooled,  is  limited  by  flight  speed  of  the 
aircraft.  The  temperature  of  the  air  once  aboard  the  aircraft  is  equal  to  or 
exceeds  the  desirable  operating  temperature  level  for  most  aircraft  auxiliar- 
ies whenever  the  flight  Mach  number  is  in  excess  of  the  range  1.0  to  1.5* 

From  a practical  viewpoint,  this  type  of  direct  cooling  is  limited  to  air- 
craft designed  for  flight  in  the  subsonic  range,  since  for  flight  in  the 
supersonic  range,  even  when  the  temperature  of  the  ram  cooling  air  does  not 
exceed  the  desired  temperature  level  of  the  equipment,  the  quantity  of  cool- 
ing air  required  becomes  excessive  as  a result  of  the  small  temperature  differ- 
ential available  for  transfer  of  heat  from  the  surfaces  being  cooled  to  the 
air. 

Practical  utilization  of  atmospheric  air  for  cooling  of  auxiliaries  in 
aircraft  operating  in  the  supersonic  region  requires,  therefore,  some  means 
for  reducing  the  temperature  of  the  air  once  it  is  aboard  the  aircraft.  An 
air  cycle  refrigeration  system  capable  of  accomplishing  this  purpose,  which 
is  mechanically  relatively  simple  and  does  not  require  a separate  high  pres- 
sure air  source  for  operation,  such  as,  for  example,  bleed  air  from  a turbo- 
jet engine  compressor,  is  the  expanded  ram  air  system.  This  system  depends 
solely  on  ram  air  for  its  operation  and  consists  of  five  basic  components. 

They  are:  l)  ram  intake,  2)  expander,  3)  heat  exchanger,  4)  compressor  and 
5)  exhaust. 

Atmospheric  air  is  taken  aboard  the  aircraft  through  a ram  intake  and 
ducted  directly  to  the  expander  component  of  the  cycle . The  ram  intake  must 
also  serve  as  a means  for  pressure  increase  of  the  air,  so  that  it  may  sub- 
sequently be  expanded  in  the  cycle . Hence , the  intake  component  must  be 
designed  as  an  efficient  diffuser,  increasing  the  total  pressure  of  the  air 
at  discharge  of  the  diffuser  as  nearly  as  possible  to  the  total  pressure  of 
the  air  in  the  free  stream  ahead  of  the  intake.  The  intake  component  could 
be  separate  from  other  intakes  serving  the  aircraft,  but  more  logically  would 
be  designed  as  an  integral  part  of  any  primary  intake  supplying  atmospheric 
air  to  a power  plant. 


The  expander  component  of  the  system  produces  the  refrigeration  effect  by 
expanding  the  air  to  permit  extraction  of  mechanical  work  and,  thereby,  reduc- 
tion of  the  temperature  of  the  air.  This  component  would  logically  be  a 
steady-flow  turbine  of  the  axial  or  radial  type.  The  temperature  drop  of  the 
air  while  passing  through  the  turbine  is  a function  of  the  air  temperature  at 
entrance  to  the  turbine,  the  pressure  drop  of  the  air  across  the  turbine  and 
the  efficiency  of  the  turbine . Load  for  the  turbine  is  provided  by  the  com- 
pressor component. 
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The  heat  sink  for  the  auxiliaries  being  cooled  is  the  heat  exchanger 
located  between  the  turbine  and  compressor.  The  cooled  air  leaving  the 
turbine  passes  directly  through  a heat  exchanger  which  serves  all  equipments 
being  cooled.  Sometimes,  it  may  be  practical  to  pass  the  refrigerated  air 
directly  over  or  through  one  or  several  equipments  within  an  installation 
compartment.  Then,  the  heat  exchanger  component  of  the  system  becomes  the 
heat  transfer  surfaces  of  the  equipment  items,  and  no  intermediate  heat 
exchanger  would  be  employed.  Otherwise,  the  heat  exchanger  in  the  expanded 
ram  air  system  provides  an  intermediate  heat  transfer  process  when  the  refrig- 
erated air  would  cool  a circulating  fluid  pumped  through  the  exchanger,  and 
the  circulating  fluid  so  cooled  would  be  used  to  cool  the  various  equipments. 
Evaluation  to  determine  the  suitability  of  the  expanded  ram  air  system  for 
cooling  equipment  items  in  high-speed  aircraft  or  missiles  may  be  conducted 
without  detailed  regard  to  the  heat  transfer  processes  required  of  the  circu- 
lating fluid. 

The  compressor  component,  which  logically  would  be  an  axial  or  radial 
steady-flow  compressor,  is  directly  coupled  to  the  turbine,  and  serves  the 
dual  purpose  of  providing  a load  for  the  turbine  and  of  increasing  the  pres- 
sure of  the  air  before  being  discharged  back  to  the  atmosphere.  The  air, 
after  being  heated  in  the  heat  exchanger  component,  is  ducted  directly  to  the 
intake  of  the  compressor.  Upon  discharge  from  the  compressor,  the  air  is 
ducted  to  the  exhaust  component  of  the  system.  This  component  would  dis- 
charge the  air  from  the  aircraft  parallel  to  the  direction  of  flight  when  the 
drag  imposed  by  the  system  on  the  aircraft  is  to  be  minimized.  Otherwise,  it 
might  be  discharged  through  a flush  opening  in  the  aircraft's  skin  normal  to 
the  direction  of  flight  or  into  another  compartment  of  the  airframe. 

For  aircraft  designed  to  operate  at  supersonic  speed,  it  is  entirely 
possible  that  a thermal  sink  is  carried  by  the  aircraft  which  is  at  a tempera- 
ture above  or  nearly  equal  to  the  desired  operating  temperatures  of  the  equip- 
ments, but  at  a temperature  lower  than  that  of  air  taken  aboard  the  aircraft. 
Thus,  the  thermal  sink  would  not  be  available  for  direct  cooling  of  the  equip- 
ments. Also,  since  the  thermal  sink  might  be  the  fuel  for  the  power  plants  or 
some  other  liquid  carried  specifically  for  cooling  purposes,  it  may  not  always 
be  feasible  to  employ  direct,' liquid  cooling  of  the  equipments  even  if  the 
liquid  temperature  level  is  sufficiently  low  for  direct  cooling.  The  thermal 
sink  would  be  best  utilized,  therefore,  by  precooling  the  air  used  by  the 
expanded  ram  air  system  before  it  enters  the  turbine  component  of  the  cycle. 

A heat  exchanger  placed  in  the  air  duct  between  the  intake  and  the  turbine 
would  be  employed  for  precooling  the  air.  By  this  addition,  the  expanded  ram 
air  system  provides  greater  refrigeration  effect,  and  would  be  applicable  for 
cooling  of  auxiliaries  in  aircraft  operating  at  much  higher  flight  speeds  than 
for  the  expanded  ram  system  without  a precooler. 

This  section  is  concerned  with  a study  of  several  expanded  ram  air  systems, 
with  and  without  precooling  of  the  air,  to  determine  the  suitability  of  this 
type  of  system  for  cooling  auxiliaries  in  high-speed  aircraft  and  missiles. 
Component  sizes  and  weights  are  evaluated  for  various  cooling  capacities  and 
operational  conditions  of  the  aircraft.  A heat  exchanger,  rather  than  an 
equipment,  is  used  in  the  study  as  the  component  by  which  the  heat  is  rejected 
to  the  cooling  air.  The  average  temperature  of  the  heat  exchange  surfaces 
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within  the  exchanger  is  varied  in  the  range  140  to  440"F.  Flight  altitude 
and  speed  for  the  study  axe  40,000  to  80,000  feet  and  Mach  1.5  to  3«0, 
respectively. 


SUMMARY 

General  performance  and  physical  characteristics  for  the  expanded  ram 
air  system  are  presented.  The  heat  exchange  component  is  assumed  to  he  a 
tubular  heat  exchanger  with  the  refrigerated  air  flowing  through  the  tubes. 
Both  radial  and  axial  turbines  and  compressors  are  considered  and  external 
dimensions  of  the  units  are  presented. 

The  expanded  ram  air  system  appears  as  a practical  means  for  cooling 
aircraft  equipments  when  l)  the  desired  temperature  level  for  the  equipments 
is  in  the  range  of  200  to  500°F,  2)  a source  of  air  at  a pressure  above  the 
ram  air  pressure,  such  as  bleed  air  from  the  mechanical  compressor  of  a 
turbojet  engine,  is  not  available,  3)  the  design  flight  speed  is  within  the 
Mach  number  range  1.0  to  2.5,  4)  the  design  flight  altitude  is  below  80,000 
feet,  5)  the  design  flight  time  is  about  1.5  hours  or  greater,  6)  an  effic- 
ient ram  air  intake  can  be  provided,  j)  the  total  cooling  load  is  750  watts 
or  greater  and  8)  the  relative  location  of  the  various  equipments  to  be 
cooled  is  such  that  the  expanded  ram  air  system  can  be  designed  as  a central 
cooling  system. 

Systems  employing  radial  turbines  and  axial  compressors  are  superior  in 
overall  performance  and  size  to  those  employing  any  other  combination  of 
axial  and  radial  turbines  and  compressors.  A system  having  an  axial  turbine 
and  axial  compressor  has  only  slightly  less  bulk,  than  one  with  a radial 
turbine  and  axial  compressor.  Any  system  employing  a radial  Centrifugal) 
compressor  has  considerably  more  bulk,  whether  the  companion  turbine  is 
radial  or  axial. 

The  bulk  of  a heat  exchanger,  radial  turbine  and  axial  compressor  com- 
bination is  on  the  order  of  l/h  cubic  foot  per  kilowatt  cooling  capacity 
within  the  range  of  operational  and  flight  conditions  for  which  the  system 
is  best  suited.  Similarly,  the  bulk  of  a heat  exchanger,  axial  turbine  and 
radial  compressor  amounts  to  about  l/3  cubic  foot  per  kilowatt  cooling 
capacity.  For  the  former  combination,  the  bulk  would  be  nearly  evenly  dis- 
tributed between  the  three  components.  For  the  average  application,  the 
bulk  of  an  entire  system  would  be  on  the  order  of  l/2  cubic  foot  per  kilo- 
watt cooling  capacity,  excluding  the  bulk  of  transfer  lines  and  other 
auxiliary  equipment  associated  with  the  heat  transfer  process  between  the 
surfaces  of  the  equipments  to  be  cooled  and  the  heat  exchanger  in  the 
expanded  ram  air  system. 

The  weight  of  expanded  ram  air  systems  designed  to  operate  within  the 
range  of  operational  and  flight  conditions  for  which  they  are  best  suited 
would  be  on  the  order  of  15  to  25  pounds  per  kilowatt  cooling  capacity, 
depending  upon  the  distance  to  intake  and  exhaust  from  the  turbine,  heat 
exchanger  and  compressor  combination. 
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Use  of  a precooling  heat  exchanger  ahead  of  the  turbine  for  reduction 
of  the  air  temperature  before  expansion  of  the  air  through  the  turbine  is  an 
effective  means  for  extending  the  operation  of  the  system  to  high  flight 
speed.  The  precooler  is  applicable  only  when  a coolant  is  available  which 
is  not  suitable  for  direct  cooling  of  the  equipments  and  is  at  a temperature 
below  the  temperature  of  the  ram  air.  Precooling  in  an  expanded  ram  air 
system  should  be  considered  as  an  auxiliary  or  secondary  method  of  providing 
additional  cooling  capacity  or  extending  the  permissible  operational  range. 


DESCRIPTION  OF  SYSTEMS  AND  EVALUATION  METHODS 

1.  System  Designs 

A variety  of  designs  for  an  expanded  ram  air  system  is  possible  by 
employing  various  types  of  components.  Since,  however,  details  of  all  pos- 
sible system  designs  could  not  be  evaluated,  it  was  necessary  to  select  as 
a basis  for  study  several  designs  which  are  representative  and  include  all 
basic  system  components.  Two  basic  system  designs  selected  for  study  are 
illustrated  schematically  in  Figures  1-1  and  1-2.  The  design  shown  in  Figure 
1-1  is  an  expanded  ram  air  system  having  an  axial-flow  turbine  and  a radial- 
flow  compressor.  The  design  shown  in  Figure  1-2  is  a expanded  ram  air  system 
having  a precooling  heat  exchanger,  a radial-flow  turbine  and  an  axial -flow 
compressor  and  turbine  and  the  system  with  and  without  precooling  are  inclu- 
ded in  the  study. 

With  reference  to  Figure  1-1,  station  0-0  defines  the  state  of  the 
atmospheric  air  ahead  of  the  aircraft  where  the  pressure  and  temperature  are 
defined  by  the  flight  altitude.  Station  A-A  represents  the  discharge  plane 
of  the  diffuser  where  both  pressure  and  temperature  of  the  air  are  appreci- 
ably above  those  for  the  ambient  atmosphere  defined  by  station  0-0.  The 
state  of  the  air  at  entrance  to  the  turbine  is  defined  at  station  B-B.  Total 
temperature  at  B-B  would  always  be  very  nearly  equal  to  that  at  station  A-A, 
but  the  total  pressure  at  B-B  is  always  less  than  at  A-A  because  of  frictional 
resistance  to  flow  imposed  by  the  duct  length.  Conditions  at  discharge  of 
the  turbine  are  defined  by  station  C-C,  where  both  pressure  and  temperature 
are  appreciably  below  those  at  station  B-B.  Station  C'-C’  defines  the  state 
of  the  air  in  the  inlet  planes  of  the  tubes  within  the  heat  exchanger.  The 
total  temperature  at  C * -C 1 equals  that  at  discharge  of  the  turbine  but  the 
total  pressure  here  has  been  decreased  to  a slight  extent  because  of  loss  in 
the  inlet  header  of  the  heat  exchangers. 

The  total  temperature  of  the  air  during  passage  through  the  beat 
exchanger  is  increased  due  to  rejection  of  heat  by  the  coolant  flowing  in 
crossflow  over  the  external  surfaces  of  the  tubes.  The  total  pressure  of 
the  air  at  discharge  of  the  heat  exchanger,  station  D'-D',  is  lower  than  at 
entrance  to  the  exchanger  as  the  result  of  frictional  and  momentum  change 
effects  occurring  during  flow  through  the  tubes.  Station  D-D  defines  the 
state  of  the  air  at  entrance  to  the  centrifugal  compression.  The  compressor 
for  the  system  is  designed  for  maximum  air  capacity  in  order  to  minimize  its 
size  for  any  specified  cooling  capacity  of  the  system.  The  state  of  the  air 
at  discharge  of  the  compressor  is  defined  by  station  E-E,  at  entrance  to  the 
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Figure  I-X 

Schematic  of  Expanded  Ram  Air  System  with  Axial 
Turbine  and  Radial  Compressor 


COOLANT  INLET 


1*1  Compressor,  sod  Precooler 


fexhaust  noztle  F-F,  at  the  exit  plane  of  nozzle  G-G  and  in  the  final  region 
of  discharge  by  H-H.  Only  convergent  exhaust  nozzles  are  considered.  Thus, 
in  some  instances  the  pressure  in  the  exit  plane,  station  G-G,  exceeds  the 
back  pressure  on  the  nozzle,  station  H-H.  The  pressure  in  the  discharge 
region,  station  H-H,  would  be  higher  than  the  ambient  atmospheric  pressure, 
station  0-0  in  many  installations. 

Figure  1-2  illustrates  schematically  an  expanded  ram  air  system  employ- 
ing a radial -flow  turbine  and  an  axial-flow  compressor.  Also  shown  in  this 
schematic  is  the  location  of  the  precooling  heat  exchanger  when  employed  as 
a part  of  the  system.  The  various  stations  located  throughout  the  system 
define  states  of  the  cooling  air  corresponding  to  those  previously  defined 
for  the  system  shown  in  Figure  1-1,  with  the  exception  of  stations  A’ -A*  and 
B'-B'  which  define  the  state  of  the  air  at  inlet  and  exit  of  the  precooling 
heat  exchanger,  respectively. 


2.  Evaluation  Methods 


Methods  used  for  analyzing  the  performance  and  physical  character- 
istics of  expanded  ram  air  systems  are  presented  in  the  Appendix  to  this 
section.  The  analytical  methods  are  based  on  conventional  one -dimensional 
theory  for  steady  compressible  flow.  Losses  and  inefficiencies  for  the 
various  components  have  been  included  in  the  analysis  by  applying  correction 
factors  to  ideal  changes  of  state.  The  interrelation  of  heat  transfer  and 
fluid  friction  for  the  heat  exchanger  component  is  handled  in  a rational  pro- 
cedure by  considering  the  exchangers  of  tubular  construction  and  the  air  used 
by  the  expanded  ram  system  as  flowing  through  the  tubes.  Evaluation  of  pres- 
sure loss  due  to  this  component  for  any  specified  cooling  capacity  is  based 
on  compressible  flow  theory.  Procedures  of  evaluation  and  working  charts 
used  to  determine  results  presented  in  this  section  are  included  in  the 
Appendix  to  this  section. 


PHYSICAL  CHARACTERISTICS  AND  PERFORMANCE  OF  SYSTEMS 

Numerous  expanded  ram  air  systems  were  designed  and  evaluated  to  deter- 
mine how  their  physical  characteristics  and  performance  would  be  affected  by 
operational  conditions  and  design  requirements.  Size  of  the  heat  exchanger, 
turbine  and  compressor  components  were  determined  and  are  shown  in  the  plots 
subsequently  presented.  The  weight  of  the  heat  exchanger  component  is  also 
given.  Weights  of  the  turbine  and  compressor  components  are  not  presented, 
but  may  be  defined  by  comparing  the  required  size  of  the  units  with  those  of 
existing -turbines  and  compressors . 

General  results  presented  fcr  the  system  with  axial  turbine  shown  in 
Figure  1-1  are  based  on  turbine  design  for  70  per  cent  peak  efficiency, 
nozzle  discharge  angle  of  20  degrees  and  a pitch-line  velocity  of  the  tur- 
bine buckets  equal  to  45  per  cent  of  the  theoretical  spouting  velocity.  The 
theoretical  spouting  velocity  of  the  turbine  represents  a measure  of  the 
energy  released  by  the  air  within  the  turbine,  and  a pitch-line  velocity  of 
the  buckets  equal  to  roughly  45  per  cent  of  the  velocity  insures  designs 
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operating  at  or  near  the  peak  efficiency.  The  selection  of  JO  per  cent  for 
the  peak  efficiency  of  the  turbine  is  based  on  a study  of  peak  efficiencies 
for  fliriftii  radial  and  axial  turbines  where  it  was  found  that,  although  higher 
peak  efficiencies  are  sometimes  attained,  the  value  of  70  per  cent  defines  a 
conservative  average  value  which  can  be  attained  for  most  units  without  undue 
design  effort  and  resulting  excessive  weight  or  bulk.  Somewhat  greater  re- 
frigeration capacity  is  obtained  with  a peak  efficiency  of  75  per  cent,  but 
this  increase  is  found  to  have  only  a minor  effect  upon  the  required  sizes 
of  the  system  components.  The  selection  of  a design  nozzle  angle  for  the 
turbine  of  20  degrees  represents  a compromise  between  weight  and  peak 
efficiency  for  the  unit.  Increasing  the  nozzle  angle  increases  the  air  handi 
ling  capacity  of  the  turbine,  thereby  decreasing  the  required  size  for  any 
required  air  rate,  but  lowers  the  peak  efficiency.  The  product  of  the  mechan- 
ical efficiencies  for  the  turbine  and  compressor  has  been  assumed  equal  to  90 
per  cent,  representing  mechanical  losses  of  approximately  5 per  cent  of  the 
turbine  output  for  both  turbine  and  compressor. 

The  mechanical  efficiencies  of  the  turbine  and  compressor  do  not  affect 
overall  system  performances  to  any  appreciable  extent.  A low  mechanical 
efficiency  reduces  the  power  available  for  compression  of  the  air,  which  in 
turn  affects  the  exhaust  velocity  and  correspondingly  the  drag,  but  does  not 
influence  the  primary  components  or  the  cooling  capacity  of  the  system. 
Similarly,  high  operating  efficiency  for  the  compressor  would  not  be  con- 
sidered of  principal  importance  to  the  system  performance,  since  an  increase 
would  be  beneficial  only  from  the  standpoint  of  drag  imposed  on  the  aircraft 
by  the  system.  As  a matter  of  fact,  reduction  in  the  desired  efficiency  level 
of  the  compressor  would  permit  some  reduction  in  the  required  size  of  the 
unit  and  may  result  in  a net  practical  advantage  for  the  application  of  the 
system,  even  though  drag  is  increased.  Centrifugal  compressors  having  impel- 
lers of  12-inch  diameter  are  assumed  to  have  a peak  efficiency  of  JO  per  cent, 
and  2-inch  impellers  about  60  per  cent.  The  peak  efficiency  is  arbitrarily 
assumed  to  vary  linearly  with  size  of  the  impeller  within  this  range. 

The  efficiency  of  the  diffuser  is  assumed  to  vary  with  the  flight  Mach 
number,  being  90,  80  and  JO  per  cent  for  flight  Mach  numbers  of  1.0,  2.0  and 
3.0,  respectively.  A study  of  performance  of  supersonic  diffusers  is  used  as 
the  basis  for  selection  of  this  variation. 

Maximum  compactness  and  heat  exchange  capacity  for  the  primary  heat 
exchanger  of  the  system  is  obtained  by  use  of  tubes  having  small,  diameter. 

A tube  diameter  of  0.20  inches  is  selected  for  use  with  all  systems  designed 
and  evaluated.  The  total  pressure  loss  of  the  air  from  discharge  of  the 
diffuser  to  entrance  of  the  turbine  is  assumed  equal  to  2 per  cent  of  the 
total  pressure  of  the  air  developed  by  the  diffuser,  except  when  a precooling 
heat  exchanger  is  used.  Similarly,  the  total  pressure  loss  of  the  air  from 
discharge  of  the  compressor  to  entrance  of  the  exhaust  nozzle  is  assumed  equal 
to  2 per  cent  of  the  total  pressure  of  the  air  at  discharge  of  the  compressor. 
Discharge  pressure  at  exhaust,  station  H-E  in  Figure  1-1,  is  assumed  to  be 
equal  to  the  ambient  atmospheric  pressure,  station  0-0. 

Radial  turbines  employed  in  systems  illustrated  in  Figure  1-2  are  assumed 
to  have  a peak  efficiency  of  JO  per  cent  for  a ratio  of  the  tip  speed  of  the 
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wheel  to  the  theoretical  spouting  velocity  of  0.60.  Axial  compressors  are 
designed  on  the  basis  of  the  rotor  tip  Mach  number  equal  to  unity  and  the 
relative  flow  velocity  of  the  air  over  the  tip  section  of  the  blades  corres 
ponding  to  a flow  Mach  number  of  0.80.  When  precooling  of  the  ram  air  is 
used,  the  precooling  heat  exchanger  is  assumed  to  have  an  effectiveness  of 
0.80. 


1 . Nomenc lature 


Nomenclature  used  in  Figures  1-3  through  1-22  is  summarized  below 
for  ready  reference  and  identification  of  the  various  variables.  A complete 
list  of  nomenclature  used  for  analysis  and  evaluation  of  this  system  is  given 
in  the  Appendix  to  this  section. 


dcA 

dCC 

d*ER 

dx 

M 

<lc 

*w 

AT 

Wx 

x 

X 


flight  altitude,  ft. 

external  diameter  of  axial  compressor,  psi. 

external  diameter  of  centrifugal  compressor,  in. 

external  diameter  of  axial  turbine,  in. 

external  diameter  of  radial  turbine,  in. 

diameter  of  heat  exchanger,  in. 

Mach  number,  dimensionless 

cooling  capacity  of  system,  watts 

average  surface  temperature  of  heat  exchanger,  °R. 

temperature  difference  of  surface  of  heat  exchanger  and  air 
at  discharge. of  turbine,  °F. 

weight  of  heat  exchanger,  lb. 

length  of  heat  exchanger,  in. 

ratio  of  absolute  pressure  of  air  to  14.7  psi  abs., 
dimensionless. 


Tt  adiabatic  efficiency  of  turbine,  dimensionless. 
0"  effectiveness  of  heat  exchanger,  dimensionless. 


2.  Effect  of  Cooling  Capacity  on  System  Requirements 

The  cooling  capacity  of  ^expanded  ram  air  system  designed  to  oper- 
ate under  specified  flight  and  environmental  conditions  would  vary  in  direct 
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proportion  with  the  air  rate  'handled  by  the  system.  Since  tne  flow  cross- 
sectional  areas  required  to  handle  the  airflow  vary  in  direct  proportion  to 
the  air  rate,  other  design  conditions  being  equal,  it  would  be  expected  that 
diametrical  dimensions  of  the  system's  components  increase  very  nearly  in 
proportion  to  the  square  root  of  the  cooling  capacity  of  the  system. 

Results  of  one  study  to  determine  the  effect  of  cooling  capacity  on 
system  size  are  presented  in  Figure  1-3.  The  system  employs  an  axial-flow 
turbine  and  a centrifugal  compressor,  and  has  the  general  arrangement  of  that 
illustrated  schematically  in  Figure  1-1.  Flight  conditions  are  for  an  alti- 
tude of  80,000  feet  and  a Mach  number  of  2.0.  The  average  temperature  of  the 
tube  surface  in  the  heat  exchanger  is  240°F,  indicating  that  the  various 
equipment  items  being  cooled  would  be  maintained  at  surface  temperatures  in 
the  range  of  300  to  450#F.  The  heat  exchanger  for  the  system  is  designed 
for  an  effectiveness  of  0.50  and  a total  pressure  loss  of  10  per  cent  of  the 
total  pressure  at  entrance  to  the  exchanger. 

Variation  of  the  external  diameters  of  the  turbine,  heat  exchanger  and 
compressor  is,  for  all  practical  purposes,  in  proportion  to  the  square  root 
of  the  cooling  capacity.  The  spatial  requirements  of  the  turbine,  heat 
exchanger  and  compressor  amount  to  roughly  l/3  cubic  foot  per  kilowatt  cool- 
ing capacity. 

An  entire  expanded  ram  air  system  would  occupy  roughly  l/2  cubic  foot 
per  kilowatt  cooling,  not  including  the  Intake  and  exhaust  components . The 
centrifugal  compressor  accounts  for  nearly  35  per  cent  of  the  total  space 
required,  the  axial  turbine  about  20  per  cent,  the  heat  exchanger  about  15 
per  cent,  and  interconnecting  ducts,  distribution  components  and  extra 
required  space  about  30  per  cent.  Systems  designed  to  operate  at  maximum 
altitudes  below  80,000  feet  would  have  considerably  reduced  spatial  require- 
ment. For  example,  at  40,000  feet  altitude  the  turbine,  compressor  and  heat 
exchanger  diameters  would  be  40  to  50  per  cent  of  the  values  shown  in  Figure 
1-3*  Systems  designed  for  lower  maximum  flight  Mach  numbers  would  not 
require  as  much  cooling  air,  but  the  air  density  throughout  the  system  would 
be  lower,  so  that  possible  reduction  in  design  size  with  decreased  maximum 
flight  speed  is  not  as  great-  as  with  decrease  in  design  altitude.  The  heat 
exchanger  configurations  for  the  system  designs  illustrated  in  Figure  1-3 
are  ’^doughnut"  shaped,  having  length- to-diame ter  ratios  ranging  from  O.33  to 
0.70,  thereby  permitting  compact  arrangement  of  the  compressor  with  the  tur- 
bine. 


The  weight  of  the  heat  exchanger  component  for  various  system  designs  is 
shown  in  Figure  1-4. 

Weight  of  the  heat  exchanger  is  evaluated  on  the  basis  that  it  would  be 
constructed  of  aluminum  having  tubes  of  0.2  inch  inside  diameter  and  0.015 
inch  wall  thickness.  It  is  assumed  that  the  cross-sectional  area  of  the 
exchanger  is  twice  the  cross-sectional  flow  area  of  the  tubes,  the  outer 
shell  to  be  of  30  gage  aluminum,  and  that  two  tube  sheets  and  one  tube 
support,  O.O625  inch  in  thickness,  would  be  used. 

The  weight  of  the  heat  exchanger  is  very  nearly  in  direct  proportion  to 
the  cooling  capacity  of  the  system.  Minimum  weight  of  the  exchanger  occurs 
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Figure  1-3 

Effect  of  Cooling  Capacity  on  Component  Size 
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Figure  I-k 

Iffect  of  Cooling  Capacity  on  Beat  Xx changer  Height 
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for  systems  designed  for  low  flight  altitude  and  speed  and  relatively  low 
heat  exchange  effectiveness.  Exchangers  designed  for  high  effectiveness  have 
reduced  cross-sectional  area  and  greater  length,  but  the  required  increase  in 
length  always  creates  a weight  increase  greater  than  the  reduction  due  to  the 
smaller  cross-section.  The  weight  of  the  heat  exchanger  is  minimized  by 
design  for  low  effectiveness,  6" of  0.3  or  less.  However,  design  for  low 
effectiveness  of  the  heat  exchanger  increases  the  required  cooling  air  rate 
and,  thereby,  increases  the  required  size  of  all  other  components  of  the 
system.  Minimum  size  for  the  entire  system  is  obtained,  therefore,  by  design 
of  the  heat  exchanger  for  high  effectiveness  which  generally  would  be  in  the 
range  of  0.80  to  O.95. 

The  increase  in  exchange: weight  for  systems  designed  to  operate  at  higher 
flight  speeds  is  due  to  the  increased  temperature  of  the  air  at  entrance  to 
the  heat  exchanger.  Consequently,  less  heat  can  be  dissipated  in  the  exchanger 
per  pound  of  air  flowing  per  second  and  the  air  rate  for  the  system  must  be 
increased.  The  weight  of  all  components1  of  the  system  increases  with  design 
for  higher  flight  speed.  A comparison  is  shown  in  Figure  1-4  for  two  systems 
designed  on  a comparable  basis,  except  for  the  pressure  loss  across  the  heat 
exchanger,  being  10  per  cent  or  25  per  cent  for  80,000  feet  altitude.  The 
weight  of  the  heat  exchanger  is  approximately  the  same  for  both  designs.  The 
greater  pressure  loss  permits  design  of  the  heat  exchanger  for  higher  flow 
velocity,  but  also  increases  the  back  pressure  on  the  turbine  which  increases 
the  air  rate  required  to  meet  the  required  cooling  capacity. 


3.  Effect  of  Heat  Exchanger  Surface  Temperature  and  Turbine 
Discharge  Temperature  on  System  Requirements 

The  average  surface  temperature  of  the  heat  exchanger  Tw  is  used  as 
an  index  to  the  desired  temperature  of  the  equipments  to  be  cooled.  The 
difference  of  the  average  temperature  Ta  and  the  total  temperature  of  the 
cooling  air  at  entrance  to  the  heat  exchanger  Tc  is  represented  by  AT,  a 
temperature  parameter  useful  for  interpretationof  the  heat  exchanger  design. 
Combination  of  the  temperature  Tw  and  the  temperature  difference  AT  also 
defines  the  required  temperature  of  the  cooling  air  at  discharge  of  the 
turbine.  The  effect  of  average  surface  Tw  and  the  temperature  difference  AT 
on  the  diameters  of  the  heat  exchanger,  turbine  and  compressor  for  the  system 
shown  in  Figure  1-1  is  given  in  Figures  1-5,  1-6  and  1-7,  respectively.  The 
cooling  capacity  of  the  system  is  1000  watts  and  the  flight  condition  is  an 
altitude  of  80,000  feet  and  a Mach  number  of  2.0.  The  lines  of  constant  tem- 
perature differential  AT  shown  in  these  plots  are  limited  on  the  right  by  the 
condition  that  the  combination  of  the  average  surface  temperature  Tw  and  the 
temperature  differential  AT  defines  a temperature  of  the  air  at  discharge  of 
the  turbine  equal  to  the  total  temperature  of  the  air  ahead  of  the  turbine, 
i.e.  the  ram  temperature.  Thus,  at  this  condition  and  for  higher  surface 
temperatures  the  turbine  component  of  the  system  is  not  required  and  the 
simple  ram  air  system  is  more  than  adequate  for  meeting  the  cooling  require- 
ments. The  curves  of  constant  temperature  differential  AT  are  limited  on  the 
l®ft  in  Figures  1-5 , 1-6  and  1-7  by  the  condition  when  the  total  pressure  at 
discharge  of  the  turbine  equals  the  atmospheric  pressure.  This  limit  is 
arbitrarily  defined,  since  pressures  below  atmospheric  at  exit  of  the  turbine 
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Figure  1-6 

Effect  of  Heat  Exchanger  Surface  Temperature  and  Turbine 
Discharge  Temperature  on  Turbine  Diameter 
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Effect  of  Heat  Exchanger  Surface  Temperature  and  Turbine  Discharge 
Temperature  on  Compressor  Diameter 


could  be  employed  with  many  designs,  but  the  increase  in  cooling  capacity- 
resulting  from  additional  expansion  of  the  air  would  hardly  compensate  for 
the  increased  component  size  due  to  the  lowered  air  density  throughout  the 
turbine,  heat  exchanger,  compressor  and  exhaust  components. 

The  effect  of  the  design  temperature  differential  AT  on  component  size 
is  not  great.  Design  for  large  values  of  the  temperature  differential 
requires  greater  expansion  of  the  air  by  the  turbine  so  that  the  average 
density  level  of  the  cooling  air  is  lowered.  This  effect  in  combination 
with  the  reduced  cooling  air  rate  required  with  increased  temperature  differ- 
ential results  in  but  small  change  in  the  component  size,  except  when  the 
temperature  differential  is  quite  small.  The  latter  condition  is  of  no 
appreciable  importance  to  evaluation  of  the  system.  When  the  temperature 
level  of  the  equipments  to  be  cooled  is  in  the  range  400°  to  500°F,  neces- 
sitating an  average  surface  temperature  for  the  heat  exchanger  of  about  350* 
to  375°F,  810°  to  835°R,  the  optimum  temperature  differential  AT  is  in  the 
range  150°  to  200°F;  say,  for  example,  175 °F.  Thus,  the  temperature  at  dis- 
charge of  the  turbine  would  be  about  650°R,  and  since  the  ram  temperature  for 
the  specified  flight  condition  is  about  710°R,  the  required  temperature  drop 
of  the  air  across  the  turbine  is  about  60°F.  The  pressure  ratio  of  the  cool- 
ing air  across  the  turbine  would  be  about  1.6  to  1 while  the  total,  pressure 
ratio  developed  during  diffusion  is  nearly  5.3.  Hence,  maximum  refrigeration 
of  the  air  is  not  always  desirable.  Equipments  requiring  temperature  levels 
maintained  at  about  200°F  would  necessitate  an  average  surface  of  the  heat 
exchanger  in  the  range  of  100°  to  150°F,  i.e.  Tv  from  560  to  6lO°R.  For 
this  temperature  range  the  expanded  ram  air  system  should  produce  as  large 
a refrigeration  effect  as  is  practically  feasible.  The  optimum  temperature 
differential  is  about  75 °F,  requiring  the  turbine  discharge  temperature  to 
be  roughly  50°F.  The  turbine  expansion  ratio  required  to  produce  this 
refrigeration  effect  is  very  nearly  equal  to  that  produced  by  the  diffusion 
process  of  the  intake,  as  may  be  noted  by  the  dashed  line  shown  in  Figures 
1-5,  1-6,  1-7. 

Size  of  the  components  is  principally  a function  of  the  desired  tem- 
perature level,  defined  by  the  average  surface  temperature  Tw,  the  effec- 
tiveness of  heat  exchange  and  the  flight  altitude  and  speed.  Two  representa- 
tive values  of  the  average  surface  temperature  Tw  required  for  the  usual 
types  of  cooling  problems  are  625 °R  and  825 °R.  For  the  specified  flight 
conditions  of  80,000  feet  altitude  and  a Mach  number  of  2.0,  and  an  effective- 
ness of  0.5,  the  required  radial  dimensions  of  the  heat  exchanger,  axial 
turbine  and  centrifugal  compressor  would  be  7 inches,  8 inches  and  12  inches, 
respectively,  for  an  average  surface  temperature  of  625 °R,  and  3 inches,  4 
inches  and  5 inches,  respectively,  for  an  average  surface  temperature  of 
825°R.  If  the  effectiveness  of  the  heat  exchanger  would  be  increased  to 
0.9,  the  radial  dimensions  of  the  exchanger,  axial  turbine  and  centrifugal 
compressor  for  an  average  surface  temperature  of  825 °R  would  be  reduced  to 
roughly  2.5  inches,  3»25  inches  and  4 inches,  respectively. 

The  axial  length  of  the  heat  exchanger  required  for  an  effectiveness  of 
0.50,  as  affected  by  the  average  surface  temperature  of  the  heat  exchanger 
and  the  turbine  discharge  temperature  is  illustrated  in  Figure  1-8.  The 
required  length  is  6 to  6.5  inches  for  turbulent  flow  and  from  about  4 to  6 
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Figure  1-8 

Effect  of  Heat  Exchanger  Surface  Temperature  and  Turbine 
Discharge  Temperature  on  Heat  Exchanger  Length 


Figure  1-9 

Effect  of  Turbine  Discharge  Temperature  at 
Various  Beat  Exchanger  Surface  Temperatures  on 
Compressor  Diameter 
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inches  for  laminar  flow.  A crossplot  to  illustrate  the  effect  of  the  temper- 
ature difference  AT  on  the  required  size  of  the  radial  compressor  is  shovn 
in  Figure  1-9.  The  external  diameter  of  the  compressor  is  not  greatly  affected 
by  the  magnitude  of  the  operating  temperature  differential  AT. 


4.  Effect  of  Design  Altitude  and  Flight  Speed  on  Component  Size 


The  influence  of  design  altitude  and  flight  speed  on  the  size  of  the 
heat  exchanger,  axial  turbine  and  centrifugal  compressor  components  for 
various  average  surface  temperatures  of  the  heat  exchanger  is  shown  in 
Figures  I -10,  1-11  and  1-12.  Design  dimensions  for  altitudes  of  40,000  and 

80.000  feet  and  flight  Mach  numbers  of  1.5,  2.0,  2.5  and  3»0  are  presented. 
Component  siz^  presented  in  these  plots  correspond  to  their  miirirmiTn  values, 
obtained  by  taking  envelopes  of  the  curves  such  as  shown  in  Figure  1-5,  1-6, 
Radial  dimensions  of  the  three  components  vary  about  as  the  square  root  of 
the  ambient  air  density.  The  ratio  of  air  density  at  80,000  feet  to  that  at 

40.000  feet  is  about  0.15,  so  that  component  sizes  for  design  at  40,000  feet 
are  very  nearly  40  per  cent  of  those  required  for  a design  altitude  of 

80.000  feet.  The  effect  of  design  flight  speed  on  component  size  is 
appreciable  at  flight  Mach  numbers  above  about  2.0.  The  radial  dimensions 
increase  roughly  75  per  cent  for  typical  designs  when  the  design  flight  Mach 
number  is  increased  from  2.5  to  3»0.  The  components  are  relatively  small  in 
size  for  design  Mach  numbers  below  2.0  and  design  altitudes  below  about 

60.000  feet.  Increasing  the  design  heat  exchanger  effectiveness  from  0.5  to 
0.9  would  reduce  the  radial  dimensions  for  the  three  components  by  about  25 
per  cent.  Thus,  for  an  expanded  ram  air  system  having  an  axial  turbine, 
radial  compressor  and  heat  exchanger  having  an  effectiveness  of  O.90,  the 
radial  dimensions  of  these  three  components  required  for  a system  designed  , 
to  produce  1000  watts  cooling  at  a flight  Mach  number  of  2.0,  an  altitude  of 

80.000  feet  and  an  average  surface  temperature  of  the  heat  exchanger  of  700®R 
would  be  about  4.3  inches,  5*9  inches  and  3*7  inches,  respectively.  It  would 
appear  that  weight  and  spatial  requirements  of  this  type  system  required  for 
a cooling  capacity  greater  than  about  1500  watts  are  excessive  when  the 
design  operational  condition  is  for  flight  Mach  numbers  of  2.5  and  higher  at 
altitudes  above  about  60,000  feet.  Required  component  size  appears  reason- 
able for  systems  applied  to  aircraft  operating  at  Mach  numbers  below  2.5  and 
altitudes  in  the  range  from  sea  level  to  60,000  feet. 


The  influence  of  design  altitude  on  component  sizes  for  the  system  shown 
Figure  1-1  is  presented  in  Figure  1-13  for  flight  Mach  numbers  of  2.0  and 
3.0.  Increase  in  component  size  required  at  higher  altitude  is  due  entirely 
to  reduced  density  level  of  the  cooling  air.  The  large  component  sizes required 
for  high  altitude  and  high  flight  Mach  number  are  apparent  from  this  plot. 
Component  sizes  required  for  various  values  of  the  average  surface  temperature 

2 SUS?  excha*&l  “•  figure  1-14.  The  turbine  design  is  controlled 

to  provide  a constant  discharge  temperature  of  500*R.  Thus  with  constant  turbine 
discharge  temperature,  the  degree  of  expansion  of  the  air  through  the  turbine 
remains  constant  and  the  resulting  air  density  at  entrance  to  the  heat  exchanger 
is  constant.  For  the  specified  cooling  capacity  of  500  watts,  as  the  inlet 
temperature  differential  AT  increases,  due  to  higher  surface  temperature,  a 
reduced  flow  rate  is  required  and  the  radial  dimensions  required  for  the 
various  components  decrease. 
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Figure  1-12 

Effect  of  Design  Altitude  and  Flight  Speed  on  Ccwpressoar  It1  nee  ter 
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Effect  of  Design  Altitude  on  Component  Sixes 
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Figure  I-l4 

Effect  of  Heat  Exchanger  Surface  Temperature  on 

Component  Sizes 


5.  Comparison  of  Axial  and  Radial  Turbine  a and  Compressors 

The  expanded  ram  air  system  could  employ  a radial  or  axial  turbine 
for  the  expansion  component  in  the  cycle  and,  likewise,  could  employ  a radial 
or  axial  compressor  for  the  compression  component.  Physical  characteristics 
of  expanded  ram  air  systems  presented  throughout  the  preceding  discussion  have 
been  for  the  system  shown  in  Figure  1-1,  which  employs  an  axial  turbine  and  a 
radial  compressor.  This  section  considers  the  system  shown  in  Figure  1-2, 
which  employs  a radial  turbine  and  an  axial  compressor,  as  well  as  the  rela- 
tive merits  of  axial  versus  radial  units. 

For  expanded  ram  air  systems,  the  axial  compressor  is  superior  to  the 
radial  compressor  because  of  its  greater  air  flow  capacity  per  unit  frontal 
area  and  higher  rotational  speeds.  These  two  features  permit  reduction  of  not 
only  the  weight  and  space  of  the  compressor  component,  but  also  of  the  turbine 
component,  whether  for  a radial  or  axial  turbine.  Axial  compressor  design 
employed  for  the  expanded  ram  air  system  favors  air  flow  capacity  over  effic- 
iency and  pressure  producing  ability.  In  other  words,  the  axial  compressors  are 
not  designed  to  attain  maximum  efficiency  or  produce  the  greatest  increase  in 
air  pressure,  rather  the  emphasis  is  placed  on  design  for  small  size  and  weight. 
Design  of  this  type  results  in  an  increased  drag  on  the  aircraft  created  by  the 
cooling  air,  but  a reduced  drag  due  to  the  lowered  weight  of  the  cooling  system. 
Depending  upon  the  type  of  aircraft  and  its  operational  conditions,  a net  re- 
duction in  drag  would  be  expected  with  most  systems  when  the  axial  compressor 
is  employed. 

The  differences  in  performance  and  physical  characteristics  for  radial 
and  axial  turbines  are  not  as  pronounced  as  for  the  axial  and  radial  compres- 
sors. The  radial  turbine  is  somewhat  larger  than  an  axial  unit,  when  operating 
with  the  same  type  compressor,  but  has  the  important  advantages  of  Bomewhat 
higher  efficiency  and  better  rotor  proportions,  particularly  when  the  required 
size  is  small.  From  an  overall  viewpoint,  it  appears  that  expanded  ram  air 
systems  employing  radial  turbines  and  axial  compressors  are  superior  to  those 
haying  axial  turbines  and  radial  compressors. 

A comparison  of  the  external  diameters  for  axial  and  centrifugal  com- 
pressors is  presented  in  Figure  1-15.  The  comparison  is  shown  for  a range  of 
values  for  the  average  surface  temperature  of  the  heat  exchanger,  altitudes  of 
lK),000  and  80,000  feet,  and  flight  Mach  numbers  of  1.5,  2.0  and  3.0.  The  cen- 
trifugal compressor  is  driven  by  an  axial  turbine,  as  illustrated  in  Figure 
1-1,  and  the  axial  compressor  by  a radial  turbine.  Figure  1-2.  For  comparable 
operational  conditions  of  the  system,  the  external  diameter  of  the  axial  com- 
pressor is  from  ^0  to  50  per  cent  of  that  required  of  the  centrifugal  compressor 
The  length  of  an  axial  compressor  for  an  expanded  ram  air  system  would  be  some- 
what greater  but  comparable  to  that  of  a centrifugal  compressor.  Thus,  the 
spatial  requirements  are  greatly  reduced, as  would  be  the  weight.  Savings  in 
weight,  and  space  of  a system  employing  an  axial  compressor  in  favor  of  the 
centrifugal  unit  are  greatest  at  high  flight  Mach  number  and  low  average  sur- 
face temperature  of  the  heat  exchanger. 

Relative  size  of  axial  and  radial  turbines  are  shown  in  Figure  I-l6  for 
various  values  of  the  average  surface  temperature  of  the  heat  exchanger,  flight 
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Figure  I-15 

Comparison  of  Diameters  of  Axial  and  Centrifugal  Compressors, 
Including  Effects  of  Heat  Exchanger  Surface  Temperature,  Design 

Altitude,  and  Flight  Speed 
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Mach  number  and  flight  altitude.  The  radial  turbine  drives*  an  axial  com- 
pressor, Figure  1-2,  and  the  axial  turbine  drives  a radial  compressor. 

Figure  1-1.  Differences  in  size  are  not  great  for  operational  conditions 
of  lov  altitude,  say  below  60,000  feet,  and  flight  Mach  number  below  about 
2.0.  In  this  range  the  external  diameter  for  the  axial  turbine  is  from  60 
to  70  per  cent  of  that  required  for  the  radial  turbine.  Under  operational 
conditions  of  high  altitude  and  high  flight  Mach  number,  above  2.5,  the  dif- 
ference in  required  external  diameter  becomes  appreciable. 

The  size  of  either  type  turbine  is  greatly  affected  by  the  type  com- 
pressor used  for  the  turbine’s  load.  This  is  illustrated  in  Figure  I-17> 
where  the  required  external  diameter  of  an  axial  turbine  is  presented  as  a 
function  of  the  average  surface  temperature  of  the  heat  exchanger  for  both 
centrifugal  and  axial  compressors.  The  turbine  is  considerably  smaller  when 
driving  an  axial  compressor,  chiefly  because  of  the  higher  rotational  speed 
permitted  with  this  arrangement . For  example,  at  an  average  surface  tempera- 
ture of  61|-0oR  and  flight  conditions  of  80,000  feet  and  a Mach  number  of  2.0, 
the  turbine's  external  diameter  when  driving  an  axial  compressor  is  about 
50  per  cent  of  that  required  when  driving  a centrifugal  compressor.  The  dif- 
ference is  somewhat  less  for  lower  flight  altitudes  and  Mach  numbers  and  for 
high  equipment  temperature s , but,  in  general,  is  sufficiently  great  to  indicate 
the  superiority  of  the  axial-type  compressor  for  the  expanded  ram  air  system. 
The  relative  size  of  radial  and  axial  turbines  when  driving  axial  compressors 
may  be  compared  by  Figures  I-l6  and  1-17*  On  the  average,  the  external 
diameter  of  the  radial  turbine  is  15  to  30  per  cent  greater  than  forlhe  axial 
turbine.  Operational  conditions  of  high  equipment  temperature  and  low  flight 
altitude  results  in  very  small  difference  between  the  diameters  required  for 
axial  and  radial  turbines. 

For  flight  conditions  corresponding  to  an  altitude  of  80,000  feet  and 
a Mach  number  of  2.0,  the  spatial  requirement  of  an  expanded  ram  air  system 
having  an  average  heat  exchanger  surface  temperature  of  about  200°F  and  a 
radial  turbine  and  axial  compressor  is  about  l/4  cubic  foot  per  kilowatt 
cooling  capacity,  not  including  intake  or  exhaust  components.  This  amounts 
to  roughly  75  per  cent  of  the  bulk  required  for  systems  employing  axial 
turbines  and  radial  compressors.  The  bulk  of  a system  having  a radial  tur- 
bine and  an  axial  compressor  would  be  fairly  evenly  distributed  between  the 
turbine,  heat  exchanger  and  compressor. 

6.  Influence  of  Effectiveness  and  Pressure  Loss  of  Heat  Exchanger 

on  Component  Size 

An  increase  in  the  design  effectiveness  of  the  heat  exchanger  reduces 
in  direct  proportion  the  amount  of  cooling  air  required  for  any  specified 
cooling  capacity  of  the  system.  This  reduction  in  air  rate  decreases  the 
required  size  of  all  system  components,  except  the  heat  exchanger.  Should 
the  weight  and  bulk  of  the  heat  eschanger  represent  a small  percentage  of  the 
system  weight  and  bulk,  it  would  be  desirable  to  employ  heat  exchangers  having 
high  effectiveness.  Normally  this  is  the  situation  for  the  expanded  ram  air 
system.  Figure  I-l8  presents  for  the  system  described  in  Figure  1-1  the 
variation  of  component  dimensions  and  heat  exchanger  weight  as  a function  of 
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Figure  I-l8 

Effect  of  Bsat  Exchanger  Design  Effectiveness  on 
Component  Sises  and  Beat  Exchanger  Weight  for 
Axial  Turbins  and  Centrifugal  Compressor 
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the  design  effectiveness.  The  diameters  of  the  turbine  and  compressor 
decrease  appreciably  with  increasing  effectiveness.  For  a specified  air 
pressure  loss  across  the  heat  exchanger,  the  diameter  of  the  heat  exchanger 
is  a minimum  at  an  effectiveness  of  about  0.70.  A minimum  value  for  this 
dimension  is  reached  since  an  increase  in  effectiveness  reduces  the  required 
air  rate  but  also  reduces  the  permissible  flov-Mach  number  at  inlet  of  the 
tubes  in  order  that  the  pressure  loss  across  the  heat  exchanger  remains  con- 
stant. The  volume  and  weight  of  the  heat  exchanger  always  increase  with 
increasing  effectiveness.  Detailed  study  of  expanded  ram  air  systems  to 
determine  the  design  effectiveness  for  the  heat  exchanger  resulting  in  min- 
imum overall  drag  imposed  on  an  aircraft  has  not  been  conducted.  However,  ©n 
basis  of  the  available  data  it  should  be  condluded  that  the  optimum  effective- 
ness lies  in  the  range  0.80  to  O.95  for  most  expanded  ram  air  systems. 

For  systems  employing  axial  comprssors  and  radial  turbines,  as  illus- 
trated in  Figure  1-2,  the  design  effectiveness  of  the  heat  exchanger  influen- 
ces the  component  size  in  a manner  similar  to  that  for  systems  employing  axial 
turbines  and  radial  compressors,  Figure  1-1.  This  is  illustrated  in  Figure 
1-19  where  the  external  diameters  of  an  axial  compressor,  radial  turbine, 
axial  turbine  and  the  heat  exchanger  are  presented  for  effectiveness  of  the 
heat  exchanger  from  0.30  to  0.90. 

The  influence  of  total  pressure  loss  across  the  heat  exchanger  on 
component  size  is  presented  in  Figure  1-20  for  typical  operational  conditions 
of  an  expanded  ram  air  system.  An  increase  in  the  total  pressure  loss,  i.e. 
lower  values  of  the  pressure  ratio  f*  / C as  shown  in  the  plot,  increases 
the  permissible  flow  Mach  number  at  tne  inlet  to  the  heat  exchanger  and, 
thereby,  reduces  the  required  size  and  weight  of  the  heat  exchanger.  Exter- 
nal diameters  of  the  compressor  and  turbine  increase  with  increased  pressure 
loss  due  to  the  reduced aLr  density  at  inlet  to  the  compressor.  The  compres- 
sor size  must  be  increased  to  accommodate  the  same  air  flow,  but  this  results 
in  a lower  rotational  speed  for  the  compressor  and,  consequently,  larger 
required  size  of  the  turbine.  A pressure  loss  across  the  heat  exchanger  of 
about  10  per  cent  appears  to  be  a practical  design  value.  When  the  bulk  and 
weight  of  the  heat  exchanger  represent  an  important  part  of  the  system  bulk 
and  weight,  and  the  drag  imposed  upon  the  aircraft  is  critical,  it  would  be 
desirable  to  conduct  fairly -extensive  performance  analysis  of  the  system  to 
define  an  optimum  value  for  the  pressure  loss  of  the  heat  exchanger. 

Typical  values  of  the  duct  diameter  required  to  transport  the  cool- 
ing air  from  the  intake  of  the  system  to  the  turbine  are  shown  in  Figure  1-21. 
The  duct  diameter  would  vary  in  proportion  to  the  square  root  of  the  cooling 
capacity  of  the  system,  other  operational  conditions  remaining  the  same.  For 
example,  a duct  of  roughly  1.25 -inch  diameter  would  be  required  for  a cooling 
capacity  of  1000  watts  and  a duct  length  of  five  feet  at  a flight  speed  of 
Mach  2.0  and  60,000  feet  altitude. 


7.  Influence  of  Precooling  on  System  Cooling  Capacity 

The  potential  for  Increasing  the  cooling  capacity  of  an  expanded  ram 
air  system  by  use  of  a heat  exchanger  ahead  of  the  turbine  is  presented  in 
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figure  1-22.  The  graph  presents  values  of  the  turbine  discharge  tempera- 
ture which  could  be  obtained  for  various  amounts  of  cooling  in  the  precooling 
heat  exchanger.  The  temperature  of  the  precoolant  and  the  effectiveness  of 
the  heat  exchanger  are  assumed  to  be  600°R  and  0.80,  respectively.  Also,  it 
is  assumed  that  the  turbine  discharge  pressure  is  atmospheric  and  the  turbine 
has  an  efficiency  of  70  per  cent.  The  total  pressure  ratio  of  the  air  from 
discharge  of  the  diffuser  to  inlet  of  the  turbine  is  0.91  accounting  for 
pressure  loss  of  the  ducting  and  the  heat  exchangers.  It  is  unlikely  that 
precoolant  temperatures  much  less  than  600°R  would  be  available  since  other- 
wise the  precoolant  would  be  used  to  cool  equipments  directly. 

As  shown  in  Figure  1-22,  a minimum  turbine  discharge  temperature  is 
reached  for  each  flight  Mach  number,  because  the  amount  of  precooling  is 
limited  by  the  precoolant  temperature  of  600°R  and  the  heat  exchanger  effec- 
tiveness of  0.80.  Also,  as  the  turbine  inlet  temperature  is  reduced  by  pre- 
cooling,  equal  pressure  ratios  across  the  turbine  yield  lower  temperature 
drops  of  the  cooling  air,  since  the  temperature  drop  across  the  turbine  for 
any  fixed  pressure  ratio  is  proportional  to  the  absolute  temperature  of  the 
air  at  the  turbine  inlet.  The  minimum  turbine  discharge  temperature  at  a 
flight  Mach  number  of  3*0  is  -6#F,  whereas  without  precooling  this  tempera- 
ture would  be  about  247 *F. 

Effective  operation  of  the  expanded  ram  air  system  may  be  extended 
to  higher  flight  speed  by  use  of  precooling.  Without  precooling  at  a flight 
Mach  number  of  2.0,  the  turbine  discharge  temperature  is  60°F,  a limiting 
value  for  the  system  when  used  to  cool  low- temperature  equipments.  However, 
this  same  temperature  is  possible  at  flight  Mach  numbers  of  2.5  and  3*0  by 
precooling  to  the  extent  of  4100  and  9750  Btu  per  hour,  respectively,  i.e. 
precooling  of  1200  and  2860  watts.  Precooling,  like  other  auxiliary  devices 
used  to  extend  performance  of  any  power  plant  or  cooling  system,  is  basically 
inefficient  in  that  normally  it  requires  dissipation  of  more  heat  in  the 
precooler  than  it  makes  possible  to  dissipate  by  the  cooling  system.  It  is 
doubtful  if  precooling  would  ever  be  employed  unless  the  precoolant  would  be 
fuel  and  equipment  temperatures  must  be  maintained  at  relatively  low  values 
at  flight  Mach  numbers  in  the  range  of  2.5  to  3.5. 
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Figure  1-22 

Iffect  of  Precooling  on  Turbine  Discharge 
Temperature  at  Various  Flight  Speeds 
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APPENDIX  TO  SECTION  I 


ANALYSIS  AND  EVALUATION  PROCEDURES  FCR  THE  DETERMINATION  OF  PERFORMANCE  AND 
PHYSICAL  CHARACTERISTICS  OF  EXPANDED  RAH  AIR  SYSTEMS 

1*  Nomenclature 

Symbols  for  general  concepts: 


Ao 

a 

Co 

d 

f 

g 

G 

h 

k 

M 

N 

P 

R 

Re 

8 

T 

AT 

u 

W 

x 


Altitude,  ft 

2 

Cross-sectional  area  far  flow,  in. 

Theoretical  spouting  velocity  of  turbine,  ft/sec 
Diameter,  in. 

Darcy  friction  factor,  dimensionless 
Dimensional  constant,  32  • 2 lb/slug 
Flow  rate,  lb/sec 
Turbine  bucket  height,  in. 

Ratio  of  specific  heat  at  constant  pressure  to 
specific  heat  at  constant  volume,  Btu/lb-°F 

Mach  number,  dimensionless 

Rotational  speed,  rpm 

Pressure,  p.s.i.  abs. 

Cooling  capacity,  watts 

Gas  constant,  ft/°R 

Reynolds  number,  dimensionless 

Stress,  p.s.i. 

Temperature,  °R 

Difference  of  surface  temperature  of  heat  exchanger 
and  discharge  temperature  of  turbine  Tc 

Flew  velocity,  ft/sec 

Weight,  lb 

Length,  in. 
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a 

P 

r 

S 

1 

Q 

r- 

a 

r 

Subscripts: 


Nozzle  angle  of  turbine,  degrees 

Ratio  of  total  to  static  temperature,  1+0. 2M^ , 
dimensionless,  (see  Table  I-l) 

Specific  weight,  lb/ft ^ 

Ratio  of  pressure  to  1U«?  p.s.i.  abs»,  dimensionless 
Efficiency,  dimensionless 

Ratio  of  absolute  temperature  to  5l9°R,  dimensionless 
Absolute  viscosity,  lb-sec/ft^ 

Effectiveness  of  heat  exchanger,  dimensionless 
Pressure  coefficient,  dimensionless 


Note:  Pressures  and  temperatures  having  the  subscript  (s)  refer  to  static 
' values  j without  this  subscript  all  pressures  and  temperatures  refer  to  the 
values  for  total  conditions. 


Symbol 

A 

A* 

av 

B 

B» 

br 

C 

C» 

CA 

CC 

c 

D 

D* 
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Refers  to 

Station  at  exit  of  intake  diffuser 

Station  at  entrance  to  precooler 

Average  conditions 

Station  at  entrance  to  turbine 

Station  at  discharge  of  precooler 

Root  section  of  turbine  bucket 

Station  at  discharge  of  turbine 

Station  at  entrance  to  tubes  in  heat  exchanger 

External  diameter  of  axial  compressor 

External  diameter  of  centrifugal  compressor 

Compressor  in  general 

Station  at  entrance  to  compressor 

Station  at  exit  of  tubes  in  heat  exchanger 
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Refers  to 


Station  at  discharge  of  compressor 
Station  at  entrance  to  exhaust  nozzle 
Exit  plane  of  exhaust  nozzle 
Station  at  exit  of  exhaust  nozzle 
Impeller  of  axial  compressor 
Impeller  of  centrifugal  compressor 
Inlet  or  internal 

Mechanical  efficiency  of  turbine  or  compressor 
Exit  plane  of  nozzle 

Ambient  conditions,  except  for  C0  -which  is  theoretical 
spouting  velocity 

Pitch  line  of  turbine 

Precoolant 

Ram 

Static  conditions  for  pressure  and  temperature 

Turbine  in  general 

External  diameter  of  axial  turbine 

External  diameter  of  radial  turbine 

Average  surface  or  wall  temperature  of  heat  exchanger 

Wheel  diameter  of  axial  turbine 

Wheel  diameter  of  radial  turbine 

Heat  exchanger 

Precooling  heat  exchanger 


coHnwTrrmr 

2.  Analysis  for  Procedure  (l) 

Procedure  (1)  is  used  to  evaluate  temperature  and  pressures  existing 
at  key  locations  throughout  the  expanded  ram  air  system  shown  in  Figure  1-1 
for  any  assigned  operational  conditions  of  the  aircraft  in  which  the  system 
is  installed  and  any  desired  thermal  conditions  of  the  equipments  specified 
by  cooling  capacity  and  average  surface  temperature  of  the  heat  exchanger* 

The  cooling  potential  and  general  feasibility  of  the  system  for  the  intended 
application  may  be  established  from  this  evaluation  procedure*  The  analysis 
for  this  procedure  is  presented  in  the  subsequent  paragraphs. 

The  total  temperature  at  discharge  from  the  intake  is  evaluated 
from  the  flight  Mach  number  and  atmospheric  temperature  by 

TA  - Tos  [l  + 0.2  M|]  - Tos  p0  (I-D 

or, 

% “ ®os  Po  (1-2) 

Values  of  f30  are  given  in  Table  1-1*  The  flow  process  from  discharge  of  the 
intake  to  entrance  of  the  turbine  is  assumed  to  be  adiabatic j hence, 

TB  • TA  - *«f>o  d-3) 

The  temperature  at  discharge  of  the  turbine  Tq  is  specified  by  the 
assumed  values  for  the  average  surface  temperature  of  the  heat  exchanger  Tw 
and  the  inlet  temperature  differential  AT. 

Tc  - TV  - AT  (I-U) 

The  temperature  of  the  air  leaving  .the  heat  exchanger  Tg  is  defined  by 

Td  - Tc  + ctAT  (1-5) 

where  cr  is  the  effectiveness  of  the  heat  exchanger,  defined  as  the  ratio  of 
the  actual  temperature  rise  of  the  air  Tj)-Tq  to  the  maximum  theoretical  tem- 
perature rise  AT. 


The  expansion  pressure  ratio  of  the  turbine  required  to  reduce  the 
temperature  of  the  cooling  air  from  the  temperature  Tg  to  the  temperature 
Tq  is  defined  by 

*B  - Tc  - 7t  tb  B - (Po/Pb)^*5] 

or,  by  use  of  equation  (1-3) 

VTos  " P0 ' 1 “ ?t  \±  “ (Pc/Pb)^3*5' 

The  expansion  ratio  of  the  air  across  the  turbine  %/lfc  is  related 
to  the  atmospheric  pressure  Pos  by 


o) 


(I-U) 


Pb/Pc  * (Pa/Pos)(Pb/Pa)(Pos/Pc) 
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where  P*/Pos  represents  the  pressure  ratio  developed  by  the  diffuser,  Pg/P^ 
the  total  pressure  ratio  of  the  air  from  discharge  of  the  intake  to  entrance 
of  the  turbine,  and  Ifc/Poa  the  selected  total  pressure  of  the  air  at  entrance 
to  the  heat  exchanger  relative  to  the  atmospheric  pressure*  The  pressure 
ratio  developed  by  diffusion  during  intake  of  the  air  is  evaluated  by  the 
equation 

VPos  - f>o*5r  t1-6) 

These  values  are  given  in  Table  I-l*  A study  of  literature  data  on  the  ef- 
ficiency of  supersonic  diffusers  (Ref.  1-7  and  -8),  indicates  that  equation 
(1-6)  may  be  used  to  predict  the  total  pressure  at  discharge  of  the  intake 
when  the  efficiency  is  evaluated  from  the  flight  Mach  number  by  the  equa- 
tion 1 

yT  -•  0.92  - 0.02U  (i-7) 

The  total  pressure  P^  defined  in  this  manner  agrees  quite  satisfactorily  with 
experimental  data  for  Mach  numbers  below  3.5. 

Combination  of  equations  (I-U,  -5  and  -6),  and  referring  all  pres- 
sures to  the  standard  pressure  of  XU*7  psia  yields 

IcAos  - «c/e0s  - ?o  {1  - ;t  [1  - tW/o.)1/3-5/!2''(Vi)1/3's|  (1-8) 

the  equation  used  to  define  the  pressure  at  entrance  to  the  heat  exchanger 
relative  to  the  atmospheric  pressure  <Jq./^os  for  any  specified  flight  Mach 
number  and  altitude,  pressure  loss  in  the  duct  leading  to  the  turbine  and  re- 
quired temperature  of  the  air  at  entrance  to  the  heat  exchanger.  The  chart 
presented  in  Figure  1-23  is  used  for  graphical  solution  of  this  equation. 

The  chart  shown  in  Figure  I-2U  would  be  used  for  solution  of  equation  (1-8) 
when  the  turbine  efficiency  is  assumed  equal  to  70  per  cent  the  atmospheric 
temperature  is  -67°F,  and  the  total  pressure  ratio  /g//c  is  0.98,  values 
which  are  considered  to  be  representative  of  those  which  would  exist  far 
typical  systems. 

The  power  developed  by  turbine  is  absorbed  by  the  centrifugal  com- 
pressor. Thus,  since  the  air  flow  through  the  turbine  and  compressor  are 
equal. 


?mt(%"Tc)  “ ^TE~TD^mc  (I-9) 

°r‘  fa  ?mt(TB-Tc)  * (V/c>  [( *]  (W®) 

The  total  pressure  ratio  developed  by  the  compressor  Pj/P[)  is  defined  by  the 
pressure  coefficient  and  the  Mach  number  of  the  tip  of  the  impeller  Mjq 
by  the  expression 

Pb/Pd  - (1  + o.U^c)3,5  tt-ll) 

where  the  Mach  number  Mjq  is  defined  as  the  ratio  of  the  peripheral  speed  of 
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the  impeller  to  the  velocity  of  sound  based  on  the  total  temperature  of  the 
air  at  entrance  to  the  compressor.  The  pressure  coefficient  is  defined  as 
the  ratio  of  the  actual  head  of  air  produced  to  the  theoretical  head  produced 
by  a centrifugal  compressor  having  an  infinite  number  of  vanes.  The  magnitude 
of  the  pressure  coefficient  is  assumed  to  be  90  per  cent  of  the  compressor 
adiabatic  efficiency,  i.e.,  the  circulatory  flow  coefficient  is  assumed  equal 
to  0.90,  a value  typical  of  impellers  having  12  to  20  radial  vanes.  Using 
this  relation  between  pressure  coefficient  and  efficiency  and  equations 
(1-10  and  -11),  the  tip  Mach  number  Mjq  required  of  the  centrifugal  cont- 
pressor  is  defined  by 

Mic  - (2.78^  ^mt  AOt/%)1^2  (1-12) 

where  the  temperatures  have  been  reduced  to  values  relative  to  the  standard 
of  5l9°R.  Values  of  the  tip  Mach  number  may  be  determined  from  the  chart 
presented  in  Figure  1-25. 

The  ratio  of  the  total  temperature  at  discharge  of  the  compressor 
to  that  at  its  entrance  Tj/Tp  is  defined  by  the  tip  Mach  nuntoer  %j  according 
to  the  expression 

VTD  * V®D  “ 1 + °-36  m|c  (1-12) 

which  is  derived  from  the  definition  of  adiabatic  efficiency  for  the  com- 
pressor as  the  ratio  of  the  isentropic  to  the  actual  temperature  rise  of  the 
air.  The  pressure  coefficient  is  again  taken  as  90  per  cent  of  the  adia- 
batic efficiency.  Equation  (1-12)  may  be  solved  graphically  by  the  chart  in 
Figure  1-26. 

The  loss  in  total  pressure  of  the  cooling  air  from  inlet  to  exit  of 
the  heat  exchanger  is  defined  on  the  basis  of  compressible  flow  theory,  taking 
into  account  the  simultaneous  action  of  friction  and  heat  exchange  within  the 
tube  section  proper,  loss  at  entrance  to  the  tubes  due  to  contraction  of  the 
stream  and  loss  at  exit  of  the  tubes  due  to  abrupt  expansion  of  the  air. 

Data  derived  by  mechanical  integration  of  basic  differential  equations , as 
illustrated  in  Ref.  (1-2  and  -3),  are  presented  in  Figures  1-27  through  1-35* 
The  heat  transfer  coefficient  of  forced  convection  between  the  tube  surface 
and  the  cooling  air  is  assumed  to  be  constant  over  the  entire  tube  length  and 
is  evaluated  by  use  of  the  Reynolds'  analogy  between  fluid  friction  and  heat 
transfer.  The  effectiveness  of  heat  exchange  a is  related  to  the  length- to- 
internal  diameter  ratio  of  the  tube  and  the  Darcy  friction  factor,  assuming 
a Rrandtl  number  of  unity,  by  the  equation 

fx/2di  - loge  [l/(l-a)]  (1-13) 

The  inlet  Mach  number  shown  on  the  plots  in  Figures  1-27  through  1-35  repre- 
sents the  Mach  number  of  flow  based  on  the  cross-sectional  flow  area  of  the 
tubes,  and  is  not  to  be  used  as  the  Mach  number  of  flow  in  the  inlet  header 
of  the  heat  exchanger. 

The  length  of  the  tubes  x for  the  heat  exchanger  required  to  develop 
the  design  value  for  the  effectiveness  a is  determined  by  use  of  equation 
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(1-13),  "the  inside  tube  diameter  d^  of  0.20  inch,  used  for  all  designs,  and 
the  average  value  of  the  Darcy  friction  factor  f over  the  length  of  the  tube* 
The  friction  factor  is  defined  for  laminar  flow  by 

f - 6li/Re  (1-310 

and  for  turbulent  flow  by 

f - 0.26UAe0,23  (1-15) 


The  Reynolds  number  of  the  flow  Re  is  defined  by 

Re  - >Ct  Uq.  di/l2^av 

!tareTer’  >01  «o.  * (kg/R)1/2^ )/p§,  (l^)1/2 


The  total  pressure  at  inlet  to  the  tube  is  assumed  to  vary  with  the  discharge 
total  pressure  of  the  turbine  by 

Pc,  - (1  - 0.175  l£»)  Pc 


to  account  for  the  pressure  loss  of  the  air  in  the  inlet  header  of  the  heat 
exchanger*  The  tube  diameter  is  constant  and  equal  to  0*20  inch  and  the 
total  temperature  Tq*  is  equal  to  the  total  temperature  Tg.  Hence,  the 
combination  of  the  previous  set  of  equations  yields 

Re  - 1.125  5CMC'C1“0*175^.)^<a^»(®c):i/2  (1-16) 

Graphical  solution  to  this  expression  for  determination  of  the  Reynolds  num- 
ber of  flow  may  be  obtained  by  use  of  the  chart  presented  in  Figure  1-36* 

Once  having  defined  the  friction  factor  from  the  Reynolds  number  and  equation 
(I-H)  or  (1-15),  the  effectiveness  of  heat  exchange  may  be  defined  by  use  of 
the  chart  presented  in  Figure  1-37,  based  on  equation(I-13)* 


In  defining  the  required  cross-sectional  area  of  the  heat  exchanger 
it  is  assumed  that  2 per  cent  of  the  cross-section  is  required  as  free  space 
for  the  shaft  connecting  the  turbine  and  compressor,  and  that  of  the  remain- 
ing cross-section  50  per  cent  would  be  available  for  freeflow  area  of  the 
tubes*  Thus,  by  continuity,  the  cross-section  of  the  heat  exchanger  a-,,  is 
defined  by 


ax  - HiIgAo.^xO^OVc.Uc.)  (1-17) 

However,  as  determined  previously  in  defining  the  equation  for  evaluation  of 
Reynolds  number, 

>0,1^,  - 85.5ScMc,(l-0.175Mc2,)/^,(Gb):i/2 

so  that  _ _ 

ax/G  - 3JAP5i(«b)V  /SgHj. (1-0.1751^,)  (1-18) 
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and 


(1-19) 


d*  - (ax/0.785)1^2 
Equation  (1-18)  may  be  solved  graphically  by  the  chart  of  Figure  1-36* 


The  required  area  at  inlet  to  the  diffuser  for  subsonic  flight  is 
defined  on  the  basis  of  a flow  Mach  number  at  this  section  equal  to  60  per 
cent  of  the  flight  Mach  number  and  a flow  coefficient  of  0,9$ • Thus, 


Tir  * Tos  Po/?ir  “ ^19  Oqs  Po/Pir 

(1-20) 

and 

Po-5/^5 

(1-21) 

where 

pfe.  » 1 + 0.2(0. 6 Mo)2  - 1 + 0.072  M2 

(1-22) 

The  intake  area  required  by  the  diffuser  is  defined  by  combination  of  the 
continuity  equation  and  the  above  relationships.  The  expression  for  sub- 
sonic flight  is 

a±r/G  - 2.96(0os)1/2(l+O.O72]^)3/^os14oPo  (1-23) 

The  intake  area  of  the  expanded  ram  air  system  required  for  air- 
craft operating  at  flight  Mach  numbers  greater  than  1.25  is  defined  by  as- 
suming all  shocks  to  exist  inside  of  the  intake  so  that  free  stream  condi- 
tions may  be  assumed  to  define  the  state  of  the  air  at  the  inlet  plane  of 
the  intake.  A flow  coefficient  of  0.95  is  employed  to  account  for  boundary 
layer  effect.  Based  on  free  stream  pressure,  temperature  and  Mach  number, 
the  equation  of  continuity  yields 

ajjP/G  - 1.775(0OS):i,/2/Mo‘fos  (1-21*) 

Inlet  areas  of  the  intake  required  for  design  flight  Mach  numbers  in  the 
range  1.0  to  1.25  are  obtained  by  trend  curves  established  on  the  basis  of 
the  subsonic  equation  (1-23)  and  the  supersonic  equation  (I-2U).  The  inlet 
area  equations  may  be  solved  graphically  by  use  of  the  chart  in  Figure  1-39 . 


3-  Analysis  for  Procedure  (2) 

Evaluation  procedure  (2)  is  used  to  establish  the  required  size  of 
the  various  components  for  a expanded  ram  air  sys  tern  d esigned  to  provide  the 
required  cooling  capacity  at  the  specified  flight  operational  conditions  of 
the  aircraft  and  for  the  desired  thermal  conditions  of  the  equipments  being 
cooled.  The  evaluation  procedure  is  for  the  type  of  expanded  ram  air  system 
illustrated  schematically  in  Figure  1-1.  Temperatures  and  pressures  of  the 
cooling  air  corresponding  to  the  various  stations  throughout  the  system 
shown  in  Figure  1-1  are  defined  by  the  evaluation  procedure  (1). 

The  rate  of  cooling  air  flow  required  far  a specified  cooling  ca- 
pacity is  defined  by  heat  balance . Assuming  a constant  specific  heat  Cp  for 

WADC-TR  53-114  47 


air  eaual  to  0.2 U Btu  per  pound-°F,  the  cooling  capacity  In  -watts  is  defined 


by 


<lc  - 3600  x 0.2lt  G(Td-Tc)/3.U13 


CTt  0 - qc/^^oCOu-Oc)  (1-25) 

The  cross-sectional  area  and  diameter  of  the  heat  exchanger  are 
evaluated  from  equations  (1-18  and  -19),  using  the  required  cooling  air  rate 
defined  from  equation  (1-25)  • Similarly,  the  required  inlet  area  aij>  is  de- 
fined by  equation  (1-23  <&*  -2U),  depending  upon  whether  the  flight  Mach  num- 
ber is  greater  than  1.25  or  less  than  unity. 

The  size  of  the  centrifugal  compressor  is  determined  on  the  basis 
of  design  for  maximum  capacity,,  rather  than  maximum  efficiency.  Results  of 
a study  conducted  to  determine  the  maximum  air  flow  capacity  of  centrifugal 
compressors  (Ref.  I— U)  have  shown  that  the  inlet  diameter  of  the  impeller 
should  be  defined  by 


dic/dic  - 0.778/Mjc 

This  expression  is  used  to  define  the  relation  of  inlet  and  tip  diameters  of 
the  compressor,  except  when  the  ratio  of  diameters  exceeds  0.70,  whereupon 
the  ratio  is  limited  to  a value  of  0.70  for  practical  design  reasons.  The 
tip  Mach  number  of  the  impeller  Mjq  is  about  1.11  for  the  limiting  diameter 
ratio  of  0.70.  Thns,  when 

MIC^1.11,  dic/djo  - 0.778/MIC  (1-26) 

and  when 

JfEC-cl.ll,  dlc/dIC  - 0.70  (1-27) 

The  actual  Mach  number  of  flow  through  the  inlet  for  units  having  pure  axial 
entry  has  also  been  defined  (Ref.  I-U)  and  is  determined  to  be  nearly  con- 
stant at  a value  of  about  0.1*3* 

The  equation  of  continuity  applied  to  the  inlet  section  of  the  com- 
pressor for  an  inlet  Mach  number  of  0.30  yields 

G(0d)1^2/Sd  - 85.5x0.U3  aic/lUUd+O.axO^)3 

or,  , 

G(%)1/2/8D  - 0.229  aic  (1-28) 

If  it  is  assumed  that  the  hub  of  the  impeller  is  0.25  of  the  impeller  tip 
diameter,  then 

aic  - 0.785  [dL-(dicA)2]  - 0.785dfc  [(dic/dIC)2-l/l6] 

"When  the  impeller  tip  Mach  number  exceeds  1.11  equation  (1-26)  is  used  and 

He  - 0.785  djC  [o.7782/m|c  - l/l6^ 
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(1-29) 


so  that  introduction  of  this  expression  into  equation  (1-28)  yields 
CKOd)1^2/-^  - 0.01124(9  ^/Mlc-l^fc 
When  Mxc  is  less  than  1.11,  dj^/djg  ■ 0.70.  Hence, 

a^  » 0.785  df^O^O2  - V*6) 

***  - 0*0768  dfc  (1-30) 

Equations  (1-29  and  -30)  are  used  to  define  the  required  diameter  of  the 
impeller  for  the  centrifugal  compressor. 


The  average  external  diameter  of  the  centrifugal  compressor  is  as- 
sumed to  he  80  per  cent  greater  than  the  impeller  diameter.  The  inlet  di- 
ameter of  the  compressor  is  defined  by  equation  (1-26  or  -27).  The  required 
rotational  speed  of  the  impeller  is  determined  from  the  impeller  diameter 
and  tip  speed  in  the  following  manner. 


or. 

Also, 


U23C  " MIC  '\jk£RTD 

UK  - m?^)1/2^ 

(1-31) 

ujc  ■ a djc  N/720 

(1-32) 

so  that 


N - 256,000  M^COo^/dic 


(1-33) 


The  required  pitch  diameter  of  the  axial  turbine  for  the  system 
shown  in  Figure  1-1  is  established  from  the  rotational  speed  of  the  turbine, 
being  equal  to  that  defined  far  the  compressor,  the  theoretical  spouting 
velocity  of  the  turbine  and  the  ratio  of  the  pitch  line  tangential  velocity 
of  the  turbine  buckets  to  the  theoretical  spouting  velocity.  The  latter 
ratio  is  used  to  define  the  design  for  heat  efficiency.  The  theoretical 
spouting  velocity  is  defined  by 

cl  - 2gJCj?B  1 - (ScAb)^3'5  (1-4) 

and 

Up  . C0(up/C0)  (1-35) 


where  the  ratio  Up/C0  would  be  selected  as  about  0.45  for  design  yielding 
maximum  efficiency.  The  pitch-line  velocity  is  related  to  the  rotational 
speed  by 


Up  - ndpN/720  (1-36) 

so  that  equations  (1-34,  -35,  and  -36)  may  be  combined  to  give  for  the 
pitch  diameter 
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dp  - £.72x10*  ©B(tip/C0)  -vJ^CJc/Sb)^3*5/11  (1-36) 

A chart  for  graphical  solution  of  this  equation  is  presented  in  Figure  1-1*0. 

The  flow  capacity  of  the  turbine  is  primarily  a function  of  the 
pitch  diameter,  the  nozzle  angle  and  the  bucket  height.  If  the  nozzle  angle 
of  the  turbine  is  assumed  to  be  20  degrees,  it  may  be  shown  that  for  turbines 
designed  on  the  basis  of  vortex  theory  and  zero  reaction  at  the  root  section 
(Ref.  1-1)  the  flow  capacity  is  defined  by 

- 0.306d|(h/dp)  [l+O .176£( h/dp) (2-h/dp)]  (1-37) 

Since  the  area  rate  G,  temperature  %,  pressure  and  pitch  diameter  dp  are 
defined  by  previously  given  relationships,  equation  (1-37)  would  be  used  to 
select  the  required  bucket  height  of  the  turbine  h.  This  process  nay  be 
conducted  graphically  with  the  chart  presented  in  Figure  1-1*1  • The  stress 
level  at  the  root  section  of  the  ttrbine  buckets  would  be  evaluated  by 

®bj»  - h dp  N2  >^117,200  (1-38) 

where  ^ represents  the  specific  weight  of  the  turbine  bucket  material  in 
pounds  par  cubic  foot.  The  tip  diameter  of  the  turbine  wheel  is  defined  by, 

<%A  " S + h Cl-39) 

and  the  average  external  diameter  dj^  is  assumed  to  be  50  per  cent  greater 
than  the  tip  diameter  of  the  wheel. 

The  discharge  velocity  of  the  system,  station  H,  is  defined  by  the 
pressure  drop  available  across  the  exhaust  nozzle  and  the  temperature  of  the 
air  at  discharge  of  the  compressor.  The  temperature  at  discharge  of  the 
compressor  Tg  is  defined  by  equation  (1-12).  The  pressure  of  the  air  at 
discharge  of  the  compressor  Pg  may  be  evaluated  by  equation  (1-11),  assuming 

0.90 

where 

- 0.£8  + 0.01  dIc  (1-1*0) 

The  discharge  velocity  is  defined  then  by 

uH  - 2372  (83)^1  - U08/Sf)V3*5'  (i-W 

for  the  discharge  pressure  iu  equal  to  the  ambient  atmospheric  pressure  qs. 
A flow  coefficient  for  the  discharge  nozzle  of  0.95  is  assumed.  The  chart 
in  Figure  1-1*2  may  be  used  to  evaluate  the  discharge  velocity. 

The  drag  imposed  on  the  aircraft  by  the  cooling  air  taken  aboard 
and  subsequently  discharged  is  defined  by 

Drag  - G [uH  - 1117  Mo^os)1/2]^  (1-1*2) 
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The  exhaust  nozzle  is  assumed  to  be  convergent  only,  whether  the 
pressure  ratio  of  the  nozzle  is  greater  or  less  than  critical.  "When  the 
pressure  ratio  exceeds  the  critical  value  of  1.89,  it  is  assumed  that  the 
efficiency  of  free  expansion  behind  the  nozzle  is  equal  to  that  for  expan- 
sion within  the  nozzle;  an  assumption  which  is  valid  for  over-all  pressure 
ratios  up  to  about  3 or  3*5.  The  discharge  area  required  of  the  nozzle  is 
defined  from  the  continuity  equation,  and  is 

ajj  * 0.838g(6j;)^^/Sf  (I-li3) 

The  chart  presented  in  Figure  I-li3  may  be  used  to  define  the  required  exit 
area  of  the  nozzle. 


U«  Analysis  for  Procedure  (3) 

Performance  and  size  of  the  expanded  ram  air  system  employing  an 
axial-flow  compressor  operating  in  combination  with  either  a radial  or  axial 
turbine  are  determined  by  evaluation  procedure  (3)»  Required  size  of  the 
axial  compressor  is  determined  on  the  basis  that  the  compressor  would  be  de- 
signed far  minimum  size,  such  that  the  efficiency  of  the  unit  would  be  sac- 
rificed to  reduce  its  weight  and  space  requirements.  Hence,  in  a few  stages 
having  small  diameter  an  appreciable  amount  of  power  may  be  absorbed.  The 
pressure  rise  of  the  air  developed  by  this  type  axial  compressor  would  be 
small,  and,  correspondingly,  the  drag  of  the  system  imposed  on  the  aircraft 
by  the  cooling  air  would  be  increased.  The  over-all  drag  of  the  system  im- 
posed on  the  aircraft,  from  cooling  air,  weight,  etc.,  may  be  reduced. 

The  tip  Mach  number  of  the  compressor  blades  is  assumed  equal  to 
1.0  and  the  Mach  number  of  flow  relative  to  the  tip  section  of  the  blades 
is  limited  to  0.8.  Employing  a symmetrical  velocity  diagram  to  yield  maxi- 
mum air  capacity  of  the  compressor,  the  tip  diameter  of  the  impeller  is  de- 
fined by 

djx  - 2.62  Gl/2Qj^Vsj/2  (I-UU) 

It  is  assumed  that  the  average  external  diameter  of  the  axial  compressor 
d™  is  10  per  cent  greater  than  the  impeller  diameter.  The  required  rota- 
tional speed  of  the  impeller  is  defined  fey  equation  (1-33)  using  Mjq»Mj£»1. 

Size  and  speed  for  a radial  turbine  are  determined  on  the  basis  of 
design  for  peak  efficiency.  A ratio  of  the  wheel  tip  speed  to  the  theoreti- 
cal spouting  velocity  of  about  0.60  normally  results  in  design  far  near  peak 
efficiency.  The  peak  efficiency  is  assumed  to  be  70  per  cent.  The  theoreti- 
cal spouting  velocity  of  the  turbine  is  defined  by  the  air  temperature  drop, 
and  is 

C0  - jj2g  Jcp(  TB-TC  )/ ^2 

Thus, 

u m - 0.60  c0 
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Also, 


Combination  of  these  equations  defines  the  required  diameter  of  the  wheel  as 

<%r  - U .lxlO*( ©b-«c )^2A  (I-U5) 

for  the  assumed  turbine  efficiency  of  70  per  cent.  The  average  external 
diameter  of  the  radial  turbine  d^  is  assumed  to  be  80  per  cent  greater  than 
the  wheel  diameter*  d^.  The  axial  width  of  the  turbine  nozzles  is  evaluated 
on  the  basis  of  a 15  degree  nozzle  angle,  and  may  be  defined  by  the  chart  in 
Figure  I-Ut  far  the  specified  air  rate  G and  diameter  of  the  wheel 


5.  Analysis  for  Procedure  (U) 

This  procedure  is  arranged  to  permit  rapid  calculations  of  sizes  of 
components  using  many  of  the  approximations  and  assumptions  enumerated  in  the 
previous  derivations.  It  is  intended  for  systems  employing  axial  compressors 
and  radial  turbines,  and  is  so  prepared  that  it  may  be  used  to  analyze  cycles 
employing  precooling  as  well  as  simple  cycles.  The  pressure  loss  ratio, 

S-q/ lj^,  may  be  stated  far  the  duct  alone,  or  the  value  may  be  made  large 
enough  to  include  the  duct  loss  plus  a pressure  drop  through  a precooling 
heat  exchanger  located  in  the  duct  ahead  of  the  turbine.  The  method  is  based 
upon  equations  presented  in  the  preceding  analyses,  except  for  the  precooler 
analysis  which  must  include  pressure  and  temperature  change  of  the  air  across  > 
the  precooler.  The  pressure  loss  of  the  precooling  heat  exchanger  i3  defined 
by  the  chart  in  Figure  1-45,  .which  has  been  prepared  from  the  work  of  Ref. 
(1-6).  Figure  I-U6  is  a cross-plot  of  the  data  of  Figure  1-45  far  a pressure 
ratio  of  0.918. 

The  chart  presented  in  Figure  1-47  is  useful  for  evaluating  total 
pressure  loss  in  ducts  of  constant  cross  section,  such  as  the  interconnecting 
ducts  between  intake  and  the  turbine  and  the  compressor  and  discharge.  It 
is  assumed  that  this  flow  process  would  be  adiabatic.  Data  in  this  chart 
are  based  on  Ref.  (1-5),  p.  157. 


6.  Evaluation  Procedures 
a.  Procedure 

1.  Fixed  values:  di , Up/C0 , $ bAa , ^f/^E 

V*os  * ?t  — » JmcJmt » a • 

2.  Given  variables:  A0 , Mq , Tq , Tw 

a > ^d/^C * 

3.  Read  ©os  and  $os  from  Table  AI-1.  ©os , £os • 

4.  Read  p0  from  Table  1-1.  £0 . 
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5. 

6. 

7. 

8. 
9. 

10. 

11. 

12. 

13. 

U|. 

15. 

16. 

17. 

18. 
3$. 


20. 

21. 

22. 

23. 

2ii. 

25. 

26. 

27. 

28. 


Calculate  Qq  ■ Tq/519.  ©fc  . 

Calculate  Tp  • Tp  + °r(3V"Tc)*  ?p , ©D . 

Calculate  ©c/®os • 

Read  <?c/£0s  ^rm  Figure  1-23  o**  1-21; . $q/£os • 

Calculate  A ©fc/®D  ■ ®B  “ ®c/®D  * . 

Read  Mjq  from  Figure  1-25.  Mjq  • 

Read  ©g/Qp  from  Figure  1-26.  ©5/% . 

Calculate  ©g  ■ ©p(©j/©p).  Qg  . 

Calculate  Vec . Read  Mqi  from  chart  corresponding  to  se- 
lected values  for  a and  £p/$Q>  Figures  1-27  to  1-35*  Mpt  * 

Calculate  ©av  ■ (©c+©q)/2  ■ . 

Calculate  $c  - Sos(Sc/Sos)  - . 


Read  Re  and  f from  Figure  1-36.  Re , f 

Read  x from  Figure  1-37 . x . 

Read  a^/G  from  Figure  I-38.  a^/G . 

Read  a-jp/G  from  Figure  1-39.  air/G • 


b.  Procedure  (2) 

Fixed  values:  refer  to  item  (l)  of  Procedure  (l). 

Given  variables:  • _____  watts. 

Calculate  G ■ qc/l31,300(eg-©Q)  * . 

Calculate  a^.  ■ G (item  18)  * • 

Calculate  d*  - 1.128(8^)°*^  - . 

Calculate  a-j_j.  ■ G (item  19)  * . 

Calculate  Sp  ■ ScCSp/Sg)  ■ • 

Calculate  djc  by  equation  (1-29)  or  (I-30).  djQ  _ 
Calculate  djc  by  equation  (1-26)  or  (1-27).  djc  __ 
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29.  Calculate  N by  equation  ( 1—33) • N • 

30.  Find  SjJS os  from  Table  1-1.  ^jJSQ3  . 

31.  Evaluate  £3  * $os($a/&  os  )(VV  • • 

32.  Read  dp  from  Figure  1-1*0.  dp • 

33.  Calculate  G©g'%B  “ • 

3l*.  Read  h from  Figure  1-1*1.  h . 

35.  Calculate  d^  » dp  + h ■ . 

36*  Calculate  drp^  ■ 1.5  « « 

37.  Calculate  * (l  + 0.1*  ^ic)'***’  ■ , where  0.9j>c  an(* 

is  defined  by  equation  1-1*0. 

38.  Evaluate  $%/&os  - (Sc/S0s)C^d/^c)^e/^d)  * • 

39.  Evaluate  £0s/$F  ■ ($os/Se)(^e/^f)  “ • 

1*0.  Read  u^  from  Figure  1-1*2.  uy  ■ . 

1*1.  Calculate  drag  by  equation  (1-1*2).  Drag • 

1*2.  Evaluate  Sf/Sp  » . 

1*3.  Read  from  Figure  I-l*3>  ajj  ■ . 

1*1*.  Calculate  djj  ■ 1.128(ajj)0*^  ■ . 


c.  Procedure  (3) 

1*5 • Fixed  values*  refer  to  item  (l)  of  Procedure  (l). 
1*6.  Given  variables:  ©r  , ©n  , ©n  , G 

SB , SD 1- 

1*7.  Calculate  by  equation  (1-1*1*),  dj^  ■ • 

1*8.  Calculate  * 1.1  d * • 

1*9.  Calculate  N - 256,000(©D)0,^/diA  - . 

50.  Calculate  by  equation  ( 1-1*5)  * d^  - . 

51.  Calculate  dj^  «*  1.8  ■ . 

52.  Read  turbine  nozzle  width  from  Figure  1-1*1*  . 
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53.  Calculate  dp  - 3 . 09xl0^( ) 0 • S/n  „ 

51*.  Read  from  Figure  1-1*1,  h = . 

55.  Calculate  d^A  « dp  + h » . 

56.  Calculate  dTA  - 1.5  - . 


a*a» 


57. 

58. 

59. 

60. 

61. 

62. 

63. 

61*. 

65. 


d.  Procedure  (1*) 

Fixed  values:  Sg/£A  a 

Given  variables:  JU 

a > VSC , Tb 


di 


> TC > 

(for  precooling). 


Read  Qos  and  <S  os  from  Table  1-1.  90s 

Read  p0  from  Table  1-1.  pc . 

Calculate,  for  precooling,  9o  « Tr/519 
cooling,  Og  « 0O  Qos  . . 

Calculate  % - Tg/519  « . 


os 


_,  -without  pre- 


calculate Tg  - TC  + cr(VTc) 
Calculate  9g/90s  - • 


% 


Read  Xg/Xos  no  precooling  from  Figure  I-23  or  I-2l*. 
£C/£os  * _•  With  precooling  calculate 

^c/^os  ” (Xb/Sa^a/^os)  & “ - . 


67. 

68. 

69. 

70. 

71. 

72. 

73. 
71*. 


Calculate  9av  - 0.5(9g  +%))  • 
Calculate  $c  ■ $os  (&c/$os)  » 
Read  Re  and  f from  Figure  I-j 
Read  x from  Figure  1-37.  x ■ 


• 

♦ 

Re  - 

i m 

• 

o' 

a 

• 

• 

Cooling  capacity  qg  * . 

Calculate  G » ^131,300(91)-^)  « 

55 
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75.  Calculate  a^.  » G (item  71)  ■ • 

76.  Calculate  d*  - l.^a*)0**  - . 

77.  Calculate  a^.  » G (item  72)  • . 

78.  Calculate  » . 

79.  Calculate  by  equation  (1-1*1*).  dj^  » . 

80.  Calculate  ■ 1.1  dj^  ■ . 

81.  Calculate  N » 256,000(%))°*VdiA.  “ • 

82.  Calculate  d^  by  equation  (1-1*5).  d^  » . 

83.  Calculate  djg  ■ 1.8  d^  ■ . 

81*.  Calculate  $3  * ^os^b/^A^^o*^  r)  ■ > 

85.  Calculate  G(%)0#VSb  - • 

86.  Read  turbine  nozzle  width  from  Figure  1-14* • 

87.  Calculate  drag  by  equation  (1-1*2).  Drag • 

88.  Calculate  0^  • 0ospo  • • 

89.  Calculate  for  precooling  heat  exchanger,  0av  ■ 0.5(0^.+%)- 

90.  Calculate  axP  ■ (0jL-%)/(0fll-0p)  ■ • 

91.  Read  Sa/Sos  - , from  Table  1-1. 

92.  Calculate  SA  • $0s($a/$08)  - . 

93»  Read  from  Figure  1-1*5  or  1-1*6.  ■ . 

9l*.  Read  f from  Figure  I-36,  using  state  of  air  at  A rather  than 

at  C.  f . 

95.  Read  XpQ  from  Figure  1-37.  XpQ . 

96.  Read  apo/G  from  Figure  1-38,  using  state  of  air  at  A rather  than 
C.  apQ/G  ■ 

97.  Calculate  aj£  • and  dpc  ■ 1.128(apc)^*^  - . 
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1*248 

1.0354 

1.232 

0.7 

1.0930 

1.3871 

1.346 

1.0479 

1.324 

0.8 

1.1280 

1.8244 

1.464 

1.0621 

1.436 

0.9 

1.1620 

1.6914 

1.606 

1.0780 

1.569 

1.0 

1.2000 

1.8929 

1.771 

1.0965 

1.728 

1.1 

1.2420 

20361 

1*966 

1.1146 

1.9i6 

1.2 

1.2880 

2.4251 

2.190 

1.1349 

2.137 

1.3 

1.3380 

2.7708 

2.450 

1.1567 

2.396 

1.4 

1.3920 

3.1823 

2.746 

1.1798 

2.697 

1.3 

1.4600 

3.6712 

3.084 

1.204 

3.049 

1.6 

1.5120 

4*2504 

3.463 

1.229 

3.456 

1.7 

1.5780 

4.9361 

3.888 

1.256 

3.929 

1*0 

1.6480 

5.7469 

4.361 

1.284 

4.476 

1.9 

1.7220 

6.7006 

4.880 

1*312 

5.106 

2.0 

1.8000 

7.8244 

6.448 

1*342 

5.832 

2.1 

1.8820 

9.1448 

6.060 

1.372 

6.666 

2.2 

1.9680 

10.693 

6.717 

1.403 

7.622 

2.3 

2.0680 

12.505 

7.413 

1*435 

8.717 

2.4 

2.1520 

14.620 

8.141 

1.467 

9.966 

2.S 

2.2500 

17.086 

8.894 

1.500 

11.39 

2,4 

2.3620 

If.  965 

9.663 

1*533 

13.01 

2.7 

2.4680 

23.283 

10.44 

1*568 

14.85 

2.8 

2.5680 

27039 

11.20 

1*602 

16.93 

2.9 

2.6820 

31*694 

11.94 

1*638 

19.29 

3.0 

2.8000 

36.733 

12.64 

1*673 

21.95 

3.1 

2.9220 

42.486 

13.29 

1*709 

24.95 

3.2 

3.0480 

49.436 

13.88 

1.746 

28.32 

3.3 

3.1780 

67.216 

14.37 

1.783 

32.10 

3.4 

3.3120 

66.116 

14.78 

1.820 

36.33 

3.9 

3.4600 

76.273 

15.08 

1*857 

41.06 

Table  1-1 

Working  Functions  of  Flight  Mach  Muster  for  Sraluatlon 
of  Total  Teaperature  and  Praasura 
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SECTION  n 

FUEL-COOLED  EQUIPMENT  CASE  HEAT  EXCHANGERS 


By  M.  L.  Smith 


One  method  of  keeping  equipment  temperatures1  id  thin  acceptable  limits 
in  high-speed  aircraft  is  to  enclose  the  equipment  in  a casing  which  is  sur- 
rounded by  a heat  exchanger.  The  engine  fuel  might  be  used  as  the  primary 
coolant  for  the  heat  exchanger,  and  a forced-air  circulating  system  be  used 
to  transfer  heat  from  the  equipment  to  the  heat  exchanger.  This  method  of 
protection  not  only  provides  cooling  for  any  heat  generated  by  the  equipment 
itself,  but  also  protects  the  enclosed  equipment  from  external  heating  ef- 
fects due  to  high  temperature  surroundings.  This  cooling  method  is  particu- 
larly appropriate  for  electrical  components,  since  they  can  often  operate 
independently,  requiring  only  simple  wiring  connections  leading  from  the 
cooled  case.  A salient  advantage  of  the  system  is  that  it  is  applicable  to 
many  components  in  their  presently  used  form,  and  therefore  avoids  expensive 
redesign.  Although  the  heat  exchanger  core  could  be  designed  to  use  other 
fluids  as  the  primary  coolant,  the  use  of  fuel  is  advantageous  since  the 
fuel  is  already  present  on  the  aircraft,  and  special  storage  and  handling 
problems  are  therefore  avoided.  It  is  assumed,  of  course,  that  the  fuel  is 
available  in  sufficient  quantity  and  at  a low  enough  temperature  to  serve  as 
a satisfactory  coolant. 

The  analysis  and  results  given  here  are  for  a fuel-cooled  equiment 
casing  which  is  cylindrical  in  shape,  with  the  heat  exchanger  core  located 
in  an  annular  volume  around  the  space  for  equipment  installation.  This 
method  of  protecting  equipment  is  not  limited  to  this  configuration,  how- 
ever, and  should  certainly  be  considered  where  other  casing  shapes  are  re- 
quired. 


SUMMARY 

The  performance  of  fuel-cooled  equipment  case  heat  exchangers  is  con- 
sidered. The  particular  configuration  studied  in  detail  consists  of  a 
cylindrical  shell,  having  a heat  exchanger  core  installed  in  an  annular 
volume  just  inside  of  the  shell.  Within  this  heat  exchanger  core  is  another 
shell,  partially  enclosing  a volume  wherein  the  equipment  to  he  cooled  is 
installed.  A motor  and  fan  are  provided  in  the  shell  at  one  end,  for  circu- 
lating air  in  a continuous  cycle  over  the  equipment  and  through  the  annular 
heat  exchanger  core.  The  same  motor  which  drives  the  fan  is  also  assumed  to 
drive  a fuel  pump,  which  circulates  the  fuel  coolant  through  the  heat  ex- 
changer core. 

Five  types  of  heat  exchanger  core  are  considered.  In  four  of  these, 
the  circulated  air  is  passed  between  the  inner  and  outer  shells  of  the  core, 
while  the  fuel  is  passed  through  tubes  in  the  core.  In  one  of  these  the 
tube  surface  is  extended  with  fins.  In  the  other  basic  type,  fuel  is  passed 
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through  the  space  between  the  inner  and  cuter  shells  of  -the  core,  while  the 
air  is  passed  through  tubes.  All  of  the  cores  are  assumed  to  be  used  in 
counterflow  heat  exchange.  Various  baffling  arrangements  are  assumed  to  lit- 
res tigate  the  heat  transfer  characteristics  of  different  flow  arrangements, 
both  on  the  fuel  and  air  side  of  the  core. 

It  is  assumed  that  a fuel-cooled  equipment  case  would  be  used  in  a com- 
partment where  the  surroundings  are  at  a high  temperature.  Provision  is 
therefore  made  for  including  external  heat  loads  to  the  case  heat  exchanger 
in  analyzing  its  performance.  In  addition  to  the  heat  generated  by  the 
cooled  equipment  installed  in  the  case,  the  power  requirements  for  circu- 
lating both  the  air  and  the  fuel  are  accounted  for  in  analyzing  the  perform- 
ance . It  is  assumed  that  operation  is  in  the  steady-state  insofar  as  all 
heat  transfer  and  heat  generation  rates  are  concerned.  General  equations 
are  developed  to  describe  the  heat  transfer  and  heat  balance  relationships 
of  the  fuel-cooled  equipment  case  in  operation.  These  equations  do  not  de- 
pend on  the  details  of  ihe  heat  exchanger  core  design,  but  only  on  its  basic 
type,  having  fuel  or  air  in  contact  with  the  outer  shell.  A summary  of  heat 
transfer  correlations  and  pressure  drop  correlations  applying  to  heat  ex- 
changer cares  of  specific  types  is  given  in  Appendix  B.  Examples  of  using 
such  specific  correlations  together  with  the  general  equations  to  form  a 
performance  calculation  procedure  are  given  in  Appendices  C and  D. 

The  performance  of  a fuel-cooled  equipment  case  heat  exchanger  is  de- 
fined in  terms  of  the  net  cooling  capacity  which  it  provides  for  the  in- 
stalled equipment,  at  a given  temperature  difference  between  the  air  and 
fuel  at  their  respective  points  of  entry  to  the  heat  exchanger.  The  tempera- 
ture of  the  equipment  is  then  related  to  the  fuel  temperature  through  per- 
formance results  in  this  form,  using  an  expression  involving  the  effective- 
ness of  the  equipment  as  a heat  exchange  device. 

A number  of  plots  showing  calculated  performance  characteristics  are 
given.  Based  on  these  results,  conclusions  on  the  effects  of  principal 
operating  variables  and  comparison  of  the  different  heat  exchanger  cores  mey 
be  summarized  as  follows: 

1.  Plots  of  net  cooling  capacity  versus  the  fuel  and  air  entrance  tem- 
perature difference  (tai-tf^)  show  that  for  a constant  air  flow 
rate,  an  increase  of  net  cooling  capacity  requires  an  increase  of 
(tal-tfi). 

2.  The  temperature  difference  (t„-|_-tf -j_)  required  at  a fixed  net  cooling 
capacity  can  be  decreased  by  Increasing  the  air  flow  rate  up  to  a 
point.  Beyond  this  point,  the  increased  power  requirement  for  cir- 
culating the  air  causes  (t^i-tf •} ) to  increase  with  increasing  air 

flow  rate. 

3*  If  a family  of  cooling  performance  plots  as  described  in  item  (1) 
are  constructed  far  different  air  flow  rates  through  the  same  core, 
an  envelope  may  be  drawn  tangent  to  the  family  of  lines.  This  en- 
velope represents  an  optimum  design  condition  where  (tjQ-tfi)  is  at 
its  minimum  value  for  the  c arresponding  net  cooling  capacity.  The 
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required  air  flow  rate  is  that  which  gives  a performance  plot  tan- 
gent to  the  envelope  at  the  design  point,  and  may  be  found  by  in- 
terpolation. 

U.  The  effect  of  external  heat  load  on  a fuel-cooled  equipment  case 
teat  exchanger  is  to  reduce  the  net  cooling  capacity  Tor  a fixed 
(tai~tfi) • This  effect  is  small  even  for  external  heat  loads  which 
are  large  compared  to  the  net  cooling  capacity  of  the  exchanger. 

The  effect  is  saallest  in  cores  which  have  the  fuel  in  contact  with 
the  outer  shell,  since  the  external  load  enters  the  fuel  directly 
and  is  not  transferred  through  the  core  heat  exchanging  surface 
used  to  cool  the  equipment.  The  effect  is  most  severe  in  designs 
of  high  air  flow  rate,  where  the  temperature  difference  (t^-tf^) 
is  small  compared  to  the  net  cooling  capacity. 

5.  The  temperature  level  of  operation  has  only  small  effect  on  the 
cooling  performance  of  a fuel-cooled  equipment  case  heat  exchanger. 
It  therefore  follows  that  a unit  analyzed  for  performance  at  one 
temperature  level  can  be  expected  to  perform  similarly  at  other 
temperature  levels. 

6.  The  fuel  flow  rate  has  very  little  effect  on  the  temperature  dif- 
ference (tAT-tfi ) associated  with  a given  heat  transfer  rate  to 
the  fuel  unless  the  flow  rate  is  quite  low.  For  very  low  fuel 
flow  rates,  the  high  fuel  temperature  rise  and  the  low  fuel  film 
heat  transfer  coefficients  require  much  larger  values  of  (tai~tfi)* 

7.  By  comparing  the  optimum  performance  curves  for  a large  number  of 
teat  exchanger  designs,  it  is  possible  to  select  those  designs 
which  offer  the  best  performance  for  a given  size  and  weight.  The 
plots  are  altered  somewhat  from  the  optimum  performance  curves 
described  earlier  in  that  the  values  of  net  cooling  capacity  are 
divided  by  the  heat  exchanger  volume  or  weight.  A study  such  as 
this  shows  that  heat  exchangers  wherein  the  fuel  contacts  the 
outer  shell  and  the  air  flows  through  tubes  are  generally  best  from 
the  standpoint  of  size.  They  offer  the  highest  net  cooling  capaci- 
ty per  unit  volume  at  a given  ( tap-tf^) . A comparable  performance 
can  be  achieved  with  an  exchanger  with  fuel  in  tubes  if  the  air- 
side  surface  area  of  the  tubes  is  enlarged  with  fins,  however. 
Exchangers  with  fuel  inside  the  outer  shell  are  very  inferior  in 
performance  on  a weight  basis  to  those  with  fuel  in  tubes.  It  is 
therefore  concluded  that  the  best  design  from  the  standpoint  of 
both  size  and  weight  is  that  which  circulates  the  fuel  through 
tubes,  with  fins  on  the  air-side  surface  of  the  tubes. 

8.  Although  no  data  are  given  to  show  the  effect  of  air  pressure  on 
heat  exchanger  performance,  it  is  shown  to  be  an  important  variable. 
In  a fixed  system  with  a constant  air  circulation  rate  by  volume, 
it  is  possible  to  show  the  qualitative  influences  of  a change  of 
air  pressure.  It  is  not  possible  in  general  to  determine  how  the 
cooling  performance  varies  except  by  calculation  for  specific 
cases.  If  & fuel-cooled  heat  exchanger  is  to  be  designed,  a design 
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for  low  air  pressure  requires  a greater  power  for  air  circulation 
than  one  for  higher  air  pressures.  This  effect  is  required  to  pro- 
vide identical  cooling  performance. 


DESCRIPTION  OF  THE  SYSTEM  AND  HEAT  EXCHANGER  CORES 

1.  General  Configuration 

The  general  configuration  assumed  for  a fuel-cooled  equipment 
case  heat  exchanger  is  shown  schematically  in  Figure  II-l.  The  outer  casing 
is  cylindrical  in  shape,  and  is  broken  only  for  fuel  lines,  pump  shaft,  and 
whatever  connections  are  required  with  the  outside  by  the  equipment.  An 
inner  easing  or  shell  is  also  shown,  within  which  the  equipment  to  be  cooled 
is  installed.  Between  the  inner  and  the  outer  shells  is  an  annular  space 
containing  a heat  exchanger  core.  A fan  and  motor  are  provided  to  draw  air 
from  the  equipment  space  and  force  it  through  the  heat  exchanger  care,  where 
the  air  is  cooled,  Frcsa  the  core  the  cooled  air  returns  to  the  equipment 
space,  where  it  is  heated  by  the  equipment,  thus  completing  the  air  flow 
cycle.  The  fan  and  motor  are  located  at  the  air  inlet  end  of  the  heat  ex- 
changer so  that  the  heat  generated  by  their  operation  is  carried  by  the  air 
directly  to  the  exchanger.  The  cooled  equipment  tha-ef ore  receives  the 
coolest  air  in  the  sys  tern,  without  the  air  temperature  rise  caused  by  opera- 
tion of  the  fan  and  motor.  This  positioning  of  the  fan  has  a disadvantage 
in  that  the  power  required  to  circulate  a given  weight  of  air  is  higher  than 
if  the  fan  were  at  the  cold-air  end  of  the  exchanger. 

The  surfaces  of  the  heat  exchanger  core  are  kept  cool  by  fuel  which  is 
circulated  through  the  core  as  the  primary  coolant.  In  the  example  shown, 
the  fuel  is  passed  through  the  heat  exchanger  in  a direction  which  gives 
counter flow  heat  exchange.  This  is  advantageous  in  that  for  fixed  fluid 
temperature  conditions  and  cooling  effect,  less  core  surface  is  required  in 
the  counterflow  arrangement  than  if  parallel  flow  were  used.  In  the  example 
shown,  the  fuel  pump  is  driven  by  the  same  motor  which  drives  the  fan  or  air 
blower.  This  arrangement  is  assumed  for  all  cases  analyzed  here,  although 
in  some  installations  a fuel  pump  may  not  be  required. 


2*  Heat  .Exchanger  Cores 

Five  types  of  heat  exchanger  core  are  considered  for  application 
in  the  fuel-cooled  case  shown  in  Figure  II-l,  The  physical  arrangements  of 
these  cores  are  described  here. 

a.  Design  A 

The  first  core  considered  is  shown  at  the  top  of  Figure  II-2 
as  Design  A.  The  fuel  coolant  is  pumped  through  tubes,  which  encircle  the 
inner  shell  in  helical  fashion.  The  air  is  blown  in  crossflow  over  the 
outside  of  the  tubes.  A small  fuel  header  is  located  at  each  end  of  the 
core  as  a conmon  terminal  for  two  or  more  parallel  fuel  paths  through  the 
tubes.  An  advantage  of  this  care  is  that  the  fuel,  which  is  ordinarily  at 
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high  pressure,  is  contained  in  the  small  diameter  tubes*  This  results  in 
lightweight  construction.  In  the  particular  example  illustrated,  there  are 
two  rows  of  fuel  tubes  transverse  to  the  axis  of  the  cylindrical  case,  and 
the  tabes  are  arranged  in-line.  Variations  on  the  same  basic  core  design 
may  have  more  than  two  or  only  one  row  of  fuel  tubes,  and  either  in-line  or 
staggered  tube  arrangements . 


b.  Design  B 

The  core  designated  as  Design  B is  also  shown  in  Figure  II-2. 
In  this  case  the  air  is  forced  through  tabes  which  run  parallel  to  the 
of  the  cylindrical  case,  and  the  fuel  is  pimped  over  the  air  tubes  in  cross- 
flow*  A system  of  baffles  is  provided  so  that  the  fuel  encircles  the  shell 
several  times  in  a helical  path  in  traversing  from  one  end  to  the  other  of 
the  core.  This  design  has  the  advantage  that  heat  received  through  the 
outer  shell  from  the  surroundings  passes  directly  into  the  fuel  coolant, 
instead  of  heating  the  air  as  in  Design  A*  Another  advantage  is  that  De- 
sign B cores  are  thinner  for  a given  cooling  capacity  than  the  "type  shown 
in  Design  A,  leaving  more  room  in  a casing  of  fixed  outer  dimensions  for 
equipment  installation.  A marked  disadvantage  of  Design  B is  that  the  inner 
and  outer  shells  must  be  thick  and  suitably  ribbed  to  withstand  the  high 
fuel  pressures,  resulting  in  heavier  and  possibly  more  expensive  construction. 


c.  Design  C 

The  core  designated  as  Design  C is  also  shown  in  Figure  II-2. 
In  t ML  8 design  the  fuel  flows  through  straight  tubes  running  parallel  to 
the  axis  of  the  casing,  with  fuel  headers  provided  at  each  end  of  the  tubes. 
The  air  is  blown  over  the  tubes  in  flow  parallel  to  the  tube  axes.  This  de- 
sign can  be  modified  with  baffles  inside  of  the  fuel  headers,  so  arranged 
that  the  fuel  passes  back  and  forth  through  the  core  several  times  before 
being  discharged.  This  situation,  however,  would  not  be  true  counterflow, 
and  therefore  requires  special  analysis.  With  a given  murker  of  tubes  it 
has  the  advantage  of  higher  fuel  velocity  and  correspondingly  high  heat 
transfer  coefficients  on  the  fuel  side. 


d.  Design  D 

Another  core  design  is  shown  as  Design  D in  Figure  II-3.  This 
design  is  similar  to  Design  A in  that  the  fuel  passes  through  tubes  which 
encircle  the  case.  The  tubes  are  flattened,  however,  and  finned  on  the  ex- 
ternal or  air  side*  The  air  is  blown  over  the  tubes  in  crossflow,  and 
parallel  to  the  fin  surfaces.  The  fins  increase  the  heat  transfer  area  on 
the  air  side,  and  this  together  with  the  tube  flattening,  produces  a thinner 
core  section  than  Design  A.  The  construction  cost  for  a cere  of  Design  D 
would  be  higher. 


— CONFIDENTIAL 


DESIGN  D 


SECTION  A-A 


SECTION  B-B 


DESIGN  E 

SECTION  A-A  SECTION  B-B 


SchoBtlc  of  Brat  Bxehaagar  Co m, 
Designs  D and  I 


WADC-TE  53-11^ 


90 


u 


a.  Design  E 

Design  E,  shown  in  Figure  H-3,  is  physically  similar  to  De- 
sign B,  but  the  positions  of  the  fluids  are  reversed*  The  fuel  is  inside 
the  tubes,  thus  requiring  fuel  headers  for  the  tubes,  while  the  air  is 
baffled  to  give  crossflow  over  -the  tubes.  Construction  of  this  core  would 
be  somewhat  lighter  and  less  expensive  than  that  of  Design  B,  since  the  high 
pressure  fuel  is  here  confined  within  the  small  tubes. 


GENERAL  ANALYSIS 

The  analysis  given  here  is  concerned  with  establishing  the  basic  equa- 
tions which  describe  the  performance  of  a fuel-cooled  equipment  case  as 
shown  in  Figure  II-l.  These  performance  equations  are  general,  and  apply  to 
a large  variety  of  heat  exchanger  core  arrangements.  The  more  detailed 
equations  which  describe  the  heat  transfer  coefficients  and  pressure  drop  of 
air  and  fuel  are  of  course  dependent  on  the  core  usedj  and  are  therefore  not 
treated  in  this  general  analysis.  The  detailed  relationship  far  heat  trans- 
fer coefficients  and  fluid  pressure  drop  are  given  far  each  heat  exchanger 
core  in  Appendix  B to  this  Section.  Examples  of  using  them  together  with 
equations  from  this  general  analysis  to  study  the  performance  of  a particular 
fuel-cooled  case  heat  exchanger  are  given  in  Appendices  C and  D to  this 
Section. 


1.  Assumptions  for  Analysis 

A number  of  assumptions  are  made  to  restrict  and  describe  the 
system  analyzed.  They  are  given  in  the  following  paragraphs. 


a.  External  Heat  Loads 


It  is  assumed  that  the  fuel-cooled  equipment  case  is  located 
in  a compartment  exposed  to  high  skin  temperatures.  As  an  example,  this 
situation  would  hold  if  the  case  were  within  the  center-body  of  a ramjet 
aircraft  flying  at  supersonic  speeds.  The  skin  areas  may  or  may  not  have 
insulation  to  reduce  the  rate  of  external  heat  transfer  to  the  compartment. 
An  example  of  such  an  installation  is  shown  schematically  in  Figure  II-U. 

In  addition  to  the  fuel-cooled  case,  other  equipments  may  be  in  the  compart- 
ment. It  is  assumed  here  that  the  external  heat  load  to  the  cooled  equip- 
ment case  is  due  only  to  radiation  from  nearby  high  temperature  surfaces  and 
free  convection  of  the  compartment  air.  Methods  for  calculating  such  heat 
loads  are  discussed  in  Sections  V and  IS.  For  purposes  of  the  present  study, 
however,  it  is  sufficient  to  select  some  arbitrary  external  heat  load  which 
might  vary  only  insofar  as  it  is  affected  by  the  heat  exchanger  core  in  the 
fuel-cooled  equipment  case.  It  is  therefore  assumed  that  the  conditions  in 
the  compartment  and  external  to  the  fuel-cooled  case  can  be  described  in 
terms  of  an  average  surroundings  temperature  ta  and  an  external  heat  trans- 
fer coefficient  for  the  cooled  case  hg.  Different  fuel-cooled  cases  are 
compared  in  their  performance  for  the  same  assigned  values  of  ts  and  bg* 
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Figure  II— u.  Schematic  of  Fuel-Cooled  Equipment  Case 
Installed  in  a Ramjet  Centerbody 

Far  simplicity  it  is  also  assumed  that  the  major  heat  transfer  to  the  in- 
terior of  the  fuel— cooled  case  occurs  through  the  cylindrical  surface  (see 
Figure  II-l),  and  the  heat  transfer  through  the  ends  is  neglected.  This 
assumption  is  particularly  justified  if  the  ends  of  the  case  are  insulated. 


b.  Generated  Heat  Loads 

In  addition  to  the  external  heat  loads  to  the  fuel-cooled 
case,  there  are  generated  heat  loads  to  consider.  The  equipment  installed 
til  t ihe  case  is  assumed  to  generate  heat,  since  an  elaborate  protection 
method  such  as  this  would  probably  not  be  required  far  non-heat-generating 
equipment.  As  mentioned  earlier,  there  is  also  a generated  heat  load  due 
to  the  operation  of  the  fan  or  blower , and  the  motor  which  drives  both  this 
fan  and  the  fuel  pump.  For  small,  units,  it  is  assumed  that  the  fan,  motor, 
and  pump  each  have  an  efficiency  of  about  50  percent.  In  seme  installations 
a fuel  pump  may  not  be  necessary  if  there  is  no  objection  to  imposing  the 
fuel  pressure  drop  in  the  heat  exchanger  on  the  fuel  supply  line.  If  so, 
the  pumping  power  required  by  the  fuel  is  not  included  in  the  heat  balance 
equations. 


c.  Operating  Conditions 

It  is  assumed  that  the  fU el— cooled  case  operates  under  steady- 
state  conditions.  The  air  pressure,  air  circulation  rate,  external  heat 
load,  generated  heat  load,  fuel  temperature  and  fuel  supply  rate  are  there- 
fore constant.  For  this  circumstance  it  is  possible  to  compare  the  per- 
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farmance  of  different  heat  exchanger  cores,  since  the  air  temperatures  in 
general  vary  ■with  the  core  used,  other  conditions  being  fixed.  A cere  which 
can  provide  a low  air  temperature  at  a given  cooling  capacity  is  to  be  pre- 
ferred from  the  standpoint  of  equipment  cooling. 


2.  Heat  Balance  Relationships 
a.  External  Heat  Loads 

The  external  heat  load  to  the  fuel-cooled  equipment  case  may 
be  determined  from  an  equation  of  the  form 

«,  - V*9*  (n-i) 

where  qe  is  the  external  heat  load,  Ux  is  an  over-all  heat  transfer  coeffi- 
cient between  the  case  surroundings  and  the  fluid  in  contact  with  the  inner 
surface  of  the  outer  shell,  and  9^  is  the  temperature  potential  across  Ux. 
For  Designs  A,  C,  D,  and  E this  is 

qe  - U^t^)  (II-2) 

where  t^  is  the  average  air  temperature  in  the  heat  exchanger.  For  Design B 
or  any  which  has  the  fuel  in  contact  with  the  outer  shell  the  equation  be- 
comes 

% - Vx(ts-tfm>  (n-3) 

where  t^  is  the  average  fuel  temperature  in  the  heat  exchanger. 

The  coefficient  I^is  defined  as 

Hx  • -I~~T  (ii-U 


where  hg  is  the  forced  convection  heat  transfer  coefficient  far  the  fluid 
flowing  along  the  inside  of  the  outer  shell,  and  h^  is  an  appropriate  coef- 
ficient for  heat  transfer  from  the  surroundings  to  the  outer  shell.  In  this 
study  arbitrary  values  are  assigned  to  hjj.  and  ts,  but  the  value  of  h,.  is  de- 
termined for  the  particular  heat  exchanger  core  and  its  operating  conditions. 
This  permits  a comparison  of  the  performance  of  different  cores  on  the  basis 
of  an  identical  environment,  but  allows  for  the  effect  of  the  core  type  and 
the  operating  condition  (such  as  flow  rate  and  temperature  of  the  fluid)  on 
the  external  heat  load. 

An  alternative  method  is  to  assign  arbitrary  values  of  qg  for  a per- 
formance calculation  to  compare  different  heat  exchanger  cores.  This  also 
provides  a logical  basis  of  comparison,  although  different  amounts  of  in- 
sulation on  the  fuel-cooled  case  would  actually  be  required  if  the  external 
heat  load  were  to  be  the  same  for  different  heat  exchanger  cores,  even  where 
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internal  fluid  temperatures  are  the  same. 


b.  Generated  Heat  Loads 


Under  steady-state  operation,  all  of  the  heat  generated  by  the 
operation  of  -the  fan,  motor,  and  fuel  pump  is  transferred  in  one  way  or 
another  to  the  fuel.  Heat  generated  by  the  equipment  is  also  transferred  to 
the  fuel.  The  heat  balance  for  the  fuel,  including  the  external  heat  load 
is  therefore  given  by 


<lf  - % ♦ 3*U3  (qc+%)  (II-5) 

where  qjj  is  the  total  motor  power  input  in  watts,  and  qc  is  the  heat  genera- 
tion rate  of  the  equipment,  in  watts.  qe  and  qj , the  total  heat  load  to  the 
fuel,  are  expressed  in  Btu/hr. 

A more  detailed  examination  of  the  generated  heat  loads  is  required  to 
find  the  heat  transferred  to  the  circulating  air.  From  the  configuration 
shown  in  Figure  II-l,  it  is  clear  that  if  q^  is  the  motor  input  power  (ex- 
pressed in  watts)  required  to  circulate  the  air,  all  of  this  is  transferred 
to  the  air.  With  qjjf,  the  motor  power  required  to  pump  the  fuel,  this  is 
not  the  case.  That  portion  of  qjgj  which  goes  to  supply  motor  losses  is 
transferred  to  the  air,  but  that  portion  which  goes  to  pump  losses  and  to 
actual  pump  work  in  the  fuel  is  transferred  directly  to  the  fuel  and  does 
not  enter  the  circulating  air.  The  generated  heat  loads  transferred  to  the 
air  are  therefore  given  by 

wacp  Ata  “ 3.1il3(qc+qjia-*-V2<lMf)  (II-6) 

since  a motor  efficiency  of  5 0 percent  is  assumed.  The  values  of  fan,  motor 
and  pump  efficiency  are  assumed  to  have  been  accounted  for  in  finding  qu, 
and  qjjf . In  the  above  equation,  Wa  is  the  weight  flow  rate  of  air  in  pounds 
per  hour,  and  c«  and  Ata  are  the  specific  heat  and  temperature  rise  of  the 
air,  respectively. 


c.  Heat  Transferred  from  Air  to  Fuel 

The  heat  transferred  from  the  air  to  the  fuel  is  described 
by  different  relationships  for  the  two  different  basic  types  of  heat  ex- 
changer core.  In  the  first  type,  where  the  air  is  in  contact  with  the 
inner  surface  of  the  outer ihell  (Designs  A,  C,  D,  E),  the  relationship  is 

qf-3.ia3(l/2qUf)  - (II-7) 

since  all  of  the  heat  received  by  the  fuel,  except  that  due  to  pumping,  is 
transferred  from  the  air  as  it  passes  through  the  heat  exchanger.  In  the 
right-hand  member  of  this  equation,  U0  represents  the  over-all  coefficient 
of  heat  transfer  between  the  air  and  the  fuel,  based  on  the  outside  surface 
area  of  the  tubes  Aq,  and  9^  is  the  logarithmic  mean  temperature  difference 
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between  the  air  and  the  fuel* 

Where  the  fuel  is  in  contact  with  the  inner  surface  of  the  outer  shell, 
as  in  Design  B,  the  equation  is, 

q^-qa-i3«^^3(  ( H“8) 

since  the  external  heat  load  enters  the  fuel  directly  through  the  outer  shell, 
and  is  not  transferred  through  the  surface  AQ.  For  both  of  these  equations 
the  coefficient  U0  is  defined  by 

«0  - W) 

K Mu 

where  h^  and  h^  are  the  convection  heat  transfer  coefficients  on  the  outside 
and  inside  surface  of  the  tube  wall,  respectively,  and  d-ti  and  d-to  are  inner 
and  outer  diameters  of  the  tubes. 


3*  Performance  and  Temperature  Relationships 

A convenient  measure  of  the  merits  of  any  cooling  method  is  the 
temperature  difference  which  is  required  between  the  cooled  component  and 
the  coolant  for  a given  heat  removal  rate,  or  cooling  capacity.  In  order  to 
determine  the  temperature  difference  between  the  cooled  equipment  and  the 
coolant,  it  is  necessary  to  know  the  effectiveness  of  the  equipment  as  a 
heat  exchanging  device.  To  avoid  this  complication  and  make  the  evaluation 
of  performance  for  a particular  heat  exchanger  core  of  more  general  value, 
the  difference  between  the  temperatures  of  the  circulating  air  and  the  fuel 
is  used  as  a performance  criterion.  In  the  actual  system,  fuel  temperatures 
stnd  air  temperatures  vary  from  one  end  of  their  flow  path  to  the  other.  It 
is  therefore  necessary  to  fix  on  a particular  definition  of  the  difference 
and  use  it  consistently.  The  results  given  later  are  in  terms  of  the  quanti- 
ty (taY-tfi ) or  difference  between  the  temperature  of  the  air  and  the  tem- 
perature of  the  fuel  at  their  respective  points  of  entry  to  the  heat  ex- 
changer. The  calculation  procedures  of  Appendix  D to  this  Section  are  set 
up  30  as  to  determine  this  temperature  difference.  These  calculation  pro- 
cedures are  based  on  both  the  general  relationships  just  given  and  on  the 
specific  equations  from  Appendix  B which  apply  for  the  core  used.  In  general, 
a cooling  apparatus  which  gives  a low  value  of  (t^-tfi)  for  a given  cooling 
capacity  qc  is  superior  to  one  which  requires  a high  value  of  the  temperature 
difference. 


With  results  given  in  terms  of  (tai-tfi)  for  a given  cooling  capacity, 
the  equipment  temperature  can  be  found  if  certain  equipment  characteristics 
are  known.  It  is  necessary  to  know  the  effectiveness  of  the  equipment  as  a 
heat  exchange  device,  which  is  defined  as. 


tal~ta2 

te“ta2 


(11-10) 
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where  by  current  nomenclature,  and  t^  are  the  temperatures  of  the  air 
on  entering  and  leaving  the  heat  exchanger,  respectively,  equal  to  those 
leaving  and  entering  the  equipment  space,  respectively.  It  is  apparent  from 
the  definition  of  equipment  heat  exchanger  effectiveness  that  it  is  the  ratio 
of  the  actual  temperature  rise  of  the  air  in  the  equipment  space  to  the  maxi- 
mum possible.  Although  the  temperature  of  various  parts  of  the  equipment 
would  actually  be  different,-  it  is  assumed  that  the  equipment  can  be  repre- 
sented by  an  average  temperature  t^.  It  should  be  observed  that  under  the 
above  definition  of  effectiveness,  the  motor  and  fan  for  circulating  the 
air  are  grouped  together  with  the  installed  equipment  in  the  fuel-cooled 
case.  Far  ary  given  combination  and  arrangement  of  equipment,  motor,  and 
fan,  it  is  necessary  to  have  experimental  data  to  determine  the  effective- 
ness cre,  for  conditions  which  are  appropriate  to  the  contemplated  installa- 
tion. 


It  is  then  possible  to  construct  a relationship  for  the  equipment  tem- 
perature, using  equations  (I 1-6  and  -10).  Combining  these  equations  gives 


*al 


3.1tl3(qff-Khfa+V2qtff) 

f^el 

°e  J 

(11-11) 


Presumably  the  coolant  temperature  is  known,  so  that  with  a result  in  the 
farm  of  ),  t^  is  known,  whereupon  tg  can  be  found  from  equation 

(11-11) » It  should  be  observed  that  an  equipment  of  high  effectiveness  is 
preferred,  since  equation  (11-11)  shows  that  such  an  equipment  would  operate 
closer  to  t?i  than  one  of  low  effectiveness.  In  general,  a high  effective- 
ness for  the  equipment  as  a heat  exchanging  device  requires  an  arrangement 
which  provides  for  high  heat  transfer  coefficients  and/or  long  lengths  far 
the  flow  path  in  which  the  air  contacts  the  equipment.  Both  of  these  re- 
quirements lead  in  turn  to  high  pressure  loss  and  high  power  requirements 
for  air  circulation.  The  power  requirement  for  air  flow  over  ihe  equipment 
is  neglected  in  this  analysis  since  it  is  usually  negligible  compared  to  the 
power  required  to  force  air  through  the  heat  exchanger. 


EFFECTS  OF  VARIABLES  ON  THE  PERFORMANCE  CF  FTJEL-COOLED  EQUIPMENT  CASES 

Typical  performance  characteristics  of  fuel-cooled  equipment  cases  have 
been  calculated  for  ihe  five  heat  exchanger  cores  described  earlier.  While 
the  range  of  variables  that  might  be  encountered  in  all  types  of  aircraft 
application  is  too  broad  to  permit  reaching  final  conclusions  regarding  the 
merits  of  such  equipment,  many  factors  affecting  performance  are  evaluated. 

It  is  believed  that  these  results  are  of  value  as  a guide  in  designing  a 
fuel-cooled  case  for  a given  application. 

All  results  are  calculated  for  equipment  cases  one  foot  long  and  one 
foot  in  diameter.  The  air  pressure  in  each  is  assumed  to  be  one  atmosphere, 
and  aluminum  tubes  of  3/l6  in.  outside  diameter  with  0.007  in.  wall  thick- 
ness are  used.  Obviously,  the  smaller  the  tubes,  the  more  heat  transfer  area 
can  be  enclosed  in  a given  volume  of  heat  exchanger.  It  is  felt  that  3/16  in. 
outride  diameter  tubes  are  about  as  small  as  would  be  practical  to  use  in 
mass  production,  so  no  variation  of  tube  size  is  considered  in  the  following 
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results.  As  discussed  later,  the  effect  of  fuel  flow  rate  on  performance  is 
not  usually  important,  so  that  a value  of  $00  Ib/hr  is  used  unless  indicated 
otherwise  in  specific  cases.  The  use  of  JB-3  fuel  as  the  primary  coolant  ia 
assumed  throughout.  Unless  some  other  value  is  specified,  ithe  temperature 
level  is  established  by  t^  * 300°F.  In  a few  special  cases  the  operating 
temperature  level  is  specified  in  terms  of  tfi* 


1.  General  Performance 


Figure  II-5  shows  the  performance  characteristics  calculated  far 
a heat  exchanger  such  as  Design  B of  Figure  U-2.  Details  of  the  design  are 
given  in  the  figure.  The  results  shown  are  indicative  of  the  internal  heat 
transfer  processes  only,  since  it  is  assumed  that  the  external  heat  load 
is  zero.  The  values  for  p^  and  p^  represent  longitudinal  and  transverse  tube 
pitches,  expressed  in  tube  diameters  (see  Fig.  U-2).  There  is  only  one  row 
of  tubes  far  air,  as  represented  by  r ■ 1.  The  performance  is  indicated  by 
plotting  the  net  useful  cooling  capacity  q^.  versus  the  difference  in  primary 
and  secondary  coolant  temperatures  (tai«tfi).  For  a given  air  flow  rate  Wa 
the  plot  shows  the  steady-state  temperature  difference  between  air  and  fuel 
at  entrance  to  the  heat  exchanger  far  a given  cooling  capacity.  The  dashed- 
lines  indicate  the  total  motor  power  requirement,  far  both  air  and  fuel,  in 
terms  of  (tjii-tfx). 

For  a constant  Wa  it  is  seen  that  the  cooling  capacity  and  temperature 
difference  have  a nearly  linear  relationship.  If  the  air  temperature  must 
be  reduced,the  cooling  capacity  available  for  the  equipment  must  be  reduced. 
From  comparison  of  the  plots  for  different  air  flow  rates,  a low  air  flow 
rate  gives  poor  performance  at  high  cooling  capacities,  since  it  requires  a 
large  temperature  difference,  or  a high  air  temperature  in  the  case.  This 
results  from  the  low  heat  transfer  coefficients  on  the  air  side  of  the  heat 
exchanger  at  low  flow  rates.  On  the  other  hand,  high  flow  rates  are  not  de- 
sirable when  only  a low  capacity  is  required,  because  the  extra  power  needed 
to  circulate  the  air  imposes  an  additional  load  on  the  heat  exchanger,  which 
tends  to  increase  the  temperature  difference  between  the  fuel  and  air.  The 
optimum  air  flow  rate  for  any  combination  of  net  cooling  capacity  and  tem- 
perature difference  (ta]-tf])  can  be  found.  It  is  necessary  to  construct  an 
envelope  to  a series  of  plots  for  various  air  flow  rates.  The  optimum  air 
flow  rate  can  then  be  found  by  interpolation,  since  it  is  represented  by  a 
performance  line  which  is  tangent  to  the  envelope  at  the  desired  point  of 
q_  and  (tgn-tn).  A design  of  this  air  flow  rate  represents  an  optimum  in 
the  sense  that  it  gives  the  smallest  value  of  ( ^al”tfl)  possible  for  the 
given  heat  exchanger  core  at  the  desired  capacity  qc.  If  the  temperature 
limitations  for  the  air  are  not  severe,  and  a large  value  of  (tfl-|-t-n ) can 
be  tolerated,  lower  air  flow  rates  than  the  optimum  should  be  used.  The 
plots  of  motor  power  requirement  show  clearly  that  a very  great  saving  in 
motor  power  can  be  effected  by  using  low  air  flow  rates.  It  is  apparent 
that  the  power  requirement  is  little  affected  by  change  of  (tj^-tfx)  at  con- 
stant air  flow  rate. 
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2.  External  Heat  Load 


The  effects  of  an  external  heat  load  on  the  performance  of  the  ex- 
changer just  discussed  appear  in  Figure  EE-6.  The  net  cooling  capacity  in 
watts  ^ (or  heat  generation  allowed  far  the  equipment),  and  the  heat  added 
to  the  fuel  in  Btu/hr  q^,  are  plotted  for  various  arbitrarily  assigned  ex- 
ternal heat  loads.  Results  for  four  different  operating  conditions  are 
plotted,  including  high  and  low  air  flow  rates  and  four  constant  fuel-air 
temperature  differences.  The  plot  shows  that  a Design  B exchanger  has  a 
tremendous  capacity  for  absorbing  heat  from  the  surroundings  without  affect- 
ing the  cooling  capacity  very  greatly.  The  higher  air  flow  rate  shows  a 
more  pronounced  reduction  of  cooling  capacity  with  increased  external  heat 
load,  because  of  the  smaller  temperature  difference  ( tai-tf^)  in  proportion 
to  the  net  cooling  capacity.  As  the  external  heat  load  is  increased,  the 
fuel  temperature  rise  increases.  This  is  more  serious  in  its  effect  where 
the  initial  ( ^al"tf l)  is  small,  since  the  temperature  difference  for  heat 
transfer  is  reduced  by  a proportionately  greater  amount  by  a given  fuel 
temperature  rise. 

A comparison  of  the  effects  of  qg  on  the  cooling  capacity  of  three 
types  of  exchangers.  Designs  A,  B,  and  C,  is  shown  in  Figure  II-?.  Charac- 
teristics of  each  design  are  given  in  the  figure.  As  before,  the  values  of 
external  heat  load  are  arbitrarily  assigned  in  these  cases.  The  external 
heat  load  has  a greater  effect  on  the  cooling  capacity  in  Designs  A and  C 
than  in  Design  B,  but  even  with  the  former,  a q^  of  as  much  as  1000  Btu/hr 
decreases  the  cooling  capacity  only  a few  percent  from  that  when  q€  • 0. 

Thus,  the  use  of  a little  Insulation  on  the  outside  of  the  case  should  suf- 
fice to  prevent  any  appreciable  reduction  of  net  cooling  capacity  available 
to  the  equipment.  The  greater  importance  of  external  heat  load  in  Designs 
A and  C as  compared  to  Design  B is  due  to  the  difference  in  the  manner  of 
transferring  the  external  heat  loads  to  the  fuel  in  the  two  types  of  design. 
In  Designs  A and  C,  the  external  heat  load  is  first  transferred  from  the 
outer  3 hell  to  the  air.  It  is  then  transferred  through  the  tube  surface  to 
the  fuel,  thereby  increasing  the  heat  flux  through  the  tube  surface  over 
that  where  q©  ■ 0.  Clearly  then,  as  q«  increases,  far  operation  at  constant 
air  flow  rate  and  constant  (tni-t-n).  the  value  of  % must  be  reduced  no- 
ticeably. In  an  exchanger  such  as  Design  B,  the  external  heat  load  is  trans- 
ferred directly  from  the  outer  shell  to  the  fuel.  Its  only  effect  on  the 
internal  operations  in  the  fuel-cooled  equipment  case  is  to  increase  the 
temperature  rise  of  the  fuel,  which  also  occurs  in  Designs  A and  C.  Since 
the  heat  flux  through  the  tube  surface  is  changed  only  slightly  by  the  small 
change  of  fuel  temperature,  the  cooling  capacity  at  constant  (t&i-tfx)  is 
changed  but  little  with  changing  qe. 

Figure  1 1-8  shows  the  effect  of  external  heat  load  on  the  cooling  per- 
formance of  a Design  B heat  exchanger  for  two  air  flow  rates.  It  is  clear 
that  a constant  codling  capacity  can  be  maintained  far  large  changes  of  qe 
with  only  small  changes  of  (tgi-tfi). 


3.  Temperature  Level 

The  effect  of  temperature  level  on  the  performance  of  a fuel- 
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cooled  heat  exchanger  is  shown  in  Figure  II-9.  The  same  Design  B heat  ex- 
changer is  used  as  in  Figures  H-5*  -6,  -7,  and  -8.  The  plot  shows  that 
while  cooling  capacity  varies  slightly  with  temperature  level,  the  variation 
is  only  about  five  percent  from  the  mean  in  the  temperature  range  shown. 

The  slopes  of  the  lines  for  Wa  * 100  are  different  than  for  the  higher  air 
flow  rates,  s ince  the  former  are  in  the  laminar  flow  region  far  air  in  the 
tubes,  while  the  latter  represent  turbulent  air  flow.  The  slight  change  in 
cooling  capacity  with  temperature  level  is  due  to  changes  of  physical  proper- 
ties in  both  the  air  and  the  fuel.  It  is  apparent,  however , that  the  air 
flow  rate  has  much  more  effect  on  the  cooling  capacity  than  does  the  tempera- 
ture level. 

Figure  11-10  shows  the  effect  on  performance  of  a change  in  temperature 
level  and  the  resultant  change  c£  external  heat  load.  This  plot  is  for  an 
exchanger  of  the  Design  A type,  where  air  is  in  contact  with  the  outer  shell. 
The  external  heat  load  is  defined  as  described  in  the  analysis,  in  terms  of 
an  assigned  value  of  h*  • 1.5  Btu/hr-fty-°F  and  ts  ■ 500°F.  As  the  tempera- 
ture level  is  increased,  as  marked  by  an  increase  of  the  entering  fuel  tem- 
perature, the  value  of  (t^-tfi)  required  for  a given  cooling  capacity  is 
reduced.  This  effect  is  due  principally  to  the  change  of  external  heat  load 
with  rising  temperature  level.  As  the  temperature  level  is  raised,  the  tem- 
perature difference  between  the  surroundings  and  the  fuel-cooled  case  is 
reduced,  giving  a smaller  external  heat  load.  This  tends  to  give  the  smaller 
(t&l“tfi)  for  a given  net  cooling  capacity,  as  noted. 


U.  Fuel  Flow  Rate 


The  effect  of  fuel  flow  rate  on  heat  exchanger  performance  is  shown 
in  Figure  II -11.  An  exchanger  core  of  the  Design  A type  is  used,  with  de- 
tails indicated  in  the  figure.  Both  the  fuel  flow  rate  Wr  and  the  fuel  tem- 
perature rise  tf  are  shown  as  a function  of  the  temperature  difference 
*tai“ tfi).  For  the  conditions  of  evaluation,  the  fuel  flow  rate  has  almost 
no  effect  on  the  temperature  difference  (t-Q-t ■£■]_)  until  a very  low  flow  rate 
is  reached.  At  low  flow  rates,  there  are  low  heat  transfer  coefficients  on 
the  fuel-side  of  the  exchanger.  This  requires  a large  temperature  to  trans- 
fer the  q^  - 700  Btu/hr  to  the  fuel.  It  is  assumed  here  that  all  of  the 
generated  and  external  heat  loads  are  transferred  through  the  tube  surface. 
Thus,  the  case  applies  where  no  fuel  pump  is  used,  or  where  ( l/2qjjf ) is  neg- 
ligibly small  (see  equation  11-7) . It  is  apparent  that  low  fuel  flow  rates 
require  high  temperature  rise  of  -the  fuel,  as  indicated  by  the  dashed  curve. 
There  are  therefore  two  penalties  of  operation  of  a fuel-cooled  equipment 
case  at  low  fuel  flow  rates.  First,  the  air  temperature  in  the  case  in- 
creases, and  hence  the  equipment  temperature  must  increase  (see  equation 
11-11).  Second,  the  fuel  temperature  rise  may  become  excessive.  Good  de- 
sign can  be  achieved  by  using  a fuel  flow  rate  high  enough  that  (t^-t^n)  is 
relatively  unaffected  by  changes  of  Wf  , and  at  the  same  time  high  enough  to 
give  a suitably  small  value  of  atf. 

The  erfects  of  fuel  flow  rate  on  performance  of  a Design  E heat  ex- 
changer core  are  shown  in  Figure  11-12.  The  results  are  qualitatively  the 
same  as  those  of  Figure  11-11.  Plots  are  shown  for  several  air  flow  rates. 
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The  plot  clearly  shows  that  the  air  flow  rate  has  more  effect  on  the  per- 
formance than  the  fuel  flow  rate , unless  the  latter  is  very  loir.  As  expected., 
a decreased  air  . flow  rate  requires  increased  (t^-tfl,)  for  a given  heat 
transfer  rate  to  the  fuel* 

The  design  of  the  fuel  side  of  the  exchanger  is  quite  flexible,  pro- 
viding a high  flow  velocity  is  maintained  to  give  a high  film  coefficient* 

This  can  always  be  accomplished  by  arranging  the  fuel  headers  to  give  a long 
flow  passage  of  small  cross  sectional  area.  The  weight  of  fuel  per  hour  must 
also  be  high  enough  to  keep  the  fuel  temperature  rise  within  the  limits  which 
might  be  specified  by  the  fuel-system  designer.  For  the  applications  con- 
sidered here,  it  appears  that  the  fuel  temperature  rise  can  always  be  kept 
within  5°  to  10°F.  Separate  analyses  show  that  film  coefficients  of  the 
order  of  500  Btu/hr-ft  -°F  can  be  developed  in  all  the  types  of  designs  given 
and  yet  keep  the  fuel  pressure  drop  under  5 psi.  For  a proper  fuel  3ide  de- 
sign for  systems  of  Design  A and  B,  the  fuel  flow  rate  stay  be  varied  100  per 
cent  from  the  design  conditions  without  changing  the  fuel-air  temperature 
difference  more  than  2 percent.  Even  less  change  in  performance  is  noted 
when  the  exchanger  is  also  operating  with  a low  air  flow  rate. 


5«  Comparison  of  Designs 

As  mentioned  earlier  in  connection  with  Figure  II-5,  the  optimum 
operating  condition  from  the  standpoint  of  minimum  ( ) feu*  a given 
cooling  capacity  lies  on  the  envelope  to  a series  of  plots  for  constant  air 
flow  rate.  It  is  possible  to  compare  different  heat  exchanger  designs  by 
constructing  such  an  envelope  for  each.  A comparison  of  this  type  is  given 
in  Figure  11-13  for  three  heat  exchanger  cores,  all  Design  A,  but  using  dif- 
ferent longitudinal  pitches  for  the  fuel  tubes.  It  is  apparent  that  for  a 
given  cooling  capacity  the  design  with  the  shortest  longitudinal  pitch  gives 
the  best  performance,  s ince  it  can  provide  the  lowest  air  temperature.  This 
would  be  expected  from  the  fact  that  the  core  with  the  shortest  pitch  has 
more  tubes  and  hence  a greater  surface  area.  As  described  earlier,  the  air 
flow  rate  required  for  a given  combination  of  q*  and  ( is  "that  which 
gives  a performance  line  (as  in  Figire  II-5)  which  is  tangent  to  the  plot  of 
the  envelope  curve  at  the  desired  point.  All  of  the  curves  plotted  in  Fig- 
ure 11-13  represent  heat  exchanger  cores  of  the  same  dimensions  and  over-all 
volume.  The  volume  is  shown  as  VH  * 274-5  in.^ 

A similar  comparison  is  given  in  Figure  11-11;  far  heat  exchanger  cores 
such  as  Designs  A,  B,  and  C,  and  far  two  different  heat  exchanger  volumes  in 
each  design  type.  The  volume  values  are  shown  simply  because  they  indicate 
the  amount  of  space  used  up  by  each  heat  exchanger  core  within  the  fuel- 
cooled  case.  Such  space  is  lost  in  the  sense  that  it  is  not  available  for 
equipment  installation.  The  Design  B exchangers  appear  on  the  average  to 
give  superior  performance,  since  they  do  not  impose  the  external  heat  loads 
on  the  tube  heat  transfer  surface,  but  transfer  external  heat  directly  to  the 
fuel.  The  tube  heat  transfer  surface  is  therefore  used  only  for  the  transfer 
of  the  internal  or  generated  heat  loads.  The  external  heat  loads  far  Figure 
II-lU  were  determined  by  the  convention  of  using  • 1.5  and  ts  - 500°F. 

The  effect  of  the  external  heat  load  on  optimum  performance  character- 
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is  tics  is  shown  in  Figure  11-1$.  I^at  exchangers  of  Design  A and  B are 
considered.  The  external  heat  loads  are  defined  in  terms  of  two  different 
values  of  hj  and  corresponding  values  of  ta.  This  actually  does  not  com- 
pletely establish  the  magnitude  of  the  external  heat  load,  since  h^,  the 
heat  transfer  coefficient  on  the  inside  of  the  outer  shell,  must  still  be 
calculated  for  each  case  (see  equations  II-2,  -3,  and  -It).  However,  it  is 
obvious  in  a qualitative  sense  that  the  external  heat  load  for  « 3.0  and 
ts  * 660°F  must  be  somewhat  larger  than  when  ■ 1.5  and  tg  * $00 °F.  Fig- 
tire  11-1$  therefore  shows  that  a Design  B exchanger  is  less  sensitive  to 
external  heat  loads  than  a Design  A exchanger,  insofar  as  optimum  perform- 
ance characteristics  are  concerned. 

Figure  11-16  presents  a comparison  of  -the  performance  characteristics 
for  a large  number  of  heat  exchangers,  expressed  in  terms  of  the  heat  trans- 
ferred to  the  fuel  per  unit  volume  of  heat  exchanger  core.  A similar  com- 
parison is  given  in  Figure  11-17  expressed  in  terms  of  the  net  cooling  ca- 
pacity available  to  the  installed  equipment  per  unit  volume  of  heat  exchanger 
care.  In  both  figures  the  data  are  based  on  a value  of  tai  » 300°F  as  usual, 
except  for  the  single  plot  representing  Design  D.  This  is  based  on  tfi  « 
200°F.  Since  the  air  temperature  is  somewhat  above  the  fuel  temperature,  the 
plots  for  Design  D are  roughly  comparable  with  the  others.  Figure  11-17 
shows  the  Design  B heat  exchanger  cores  to  be  somewhat  better  than  the  others 
from  the  standpoint  of  cooling  capacity  per  unit  volume  at  given  temperature 
conditions.  The  only  other  design  type  which  compares  favorably  with  Design 
B is  Design  D,  which  uses  fins  to  extend  the  surface  area  on  the  fuel  tubes. 

Comparisons  of  performance  based  on  the  weight  of  the  heat  exchanger 
core  are  given  in  Figures  11-18  and  -19  for  Designs  A and  B.  The  weights 
of  the  heat  exchangers  are  calculated  for  a fuel  pressure  of  300  lb/in.2  At 
this  pressure,  using  aluminum  construction,  stresses  are  held  to  an  acceptable 
level  with  8-gage  (0.128  in.)  wall  thicknesses  for  the  inner  and  outer  shells 
in  Design  B.  For  Design  A,  shells  of  30-gage  (0.010  in.)  aluminum  are  used. 
As  described  earlier,  tubes  of  3/16  in.  outside  diameter  and  0.007  in.  wall 
thickness  are  used  for  both  design  types.  The  weights  calculated  are  for 
inner  and  outer  shells,  tubes,  and  fuel  headers  only. 

Figure  11-19  shows  that  Design  A is  considerably  superior  to  Design  B 
on  the  basis  of  cooling  capacity  per  unit  weight  for  a given  temperature 
condition.  It  can  therefore  be  concluded  that  Design  D would  be  the  best 
from  the  standpoint  of  both  weight  and  volume  requirements.  It  was  shown 
in  Figure  11-17  that  Design  D is  about  equal  in  performance  to  Design  B on  a 
volume  basis,  and  it  may  be  deduced  from  comparing  Figures  II-2  and  -3  that 
Designs  A and  D would  have  similar  weight  characteristics.  Therefore,  al- 
though the  type  core  wherein  fuel  is  in  contact  with  the  outer  shell  is  su- 
perior in  performance  on  a volume  or  size  basis,  the  difference  can  be  made 
up  for  designs  with  air  in  contact  with  the  outer  shell  if  extended  tube 
surfaces  are  used.  The  latter  are  therefore  to  be  preferred  because  of 
their  light  weight. 

Table  II-l  shows  the  cooling  capacity  per  unit  volume  and  per  unit 
weight  that  might  reasonably  be  expected  for  systems  of  the  type  presented 
here.  It  is  emphasized  that  these  values  are  not  necessarily  the  best  pos- 
sible of  attainment,  but  are  representative  for  their  types.  In  Table  II-l, 
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Table  114. 

Summary  of  Heat  Exchanger  Performance  Characteristics 


(q^in.5) 

(qf/in.3) 

(qc/lb) 

(<if/U>) 

IS 

25 

15  25 

15 

25 

15  25 

Design  A 

o*5 

1.6 

5.1  9.6 

no 

320 

1025  1880 

Design  B 

0.8 

1.9 

15  23.2 

15 

30 

170  307 

qc  is  expressed  in  watts,  while  qf  is  expressed  in  Btu/hr . 

Exchangers  of  Design  E,  sketched  in  Figure  II-3,  appear  to  have  no  ad- 
vantages over  the  other  designs.  Such  a configuration  has  the  distinct  dis- 
advantage that  the  air  is  forced  to  circulate  through  long  tortuous  paths 
around  the  heat  exchanger.  Hence,  extremely  high  pumping  power  is  required, 
or  else  unusually  large  cross  sections  of  the  heat  exchanger  are  necessary* 
The  latter  results  in  extremely  low  values  of  cooling  capacity  per  unit 
volume.  Passing  the  air  parallel  to  the  axis  of  the  case,  as  in  all  other 
designs,  gives  a much  larger  air  flow  area  for  the  same  size  of  exchanger. 


6.  Air  Pressure 


The  effect  of  air  pressure  on  the  cooling  performance  of  a fuel- 
cooled  case  has  not  been  shown  in  any  of  the  data  presented.  It  is  possible, 
however,  to  indicate  the  influence  of  air  pressure  on  perf armance  without 
resort  to  calculation.  By  the  equation  of  state  for  perfect  gases,  the 
density  of  air  is  inversely  proportional  to  the  pressure,  and  it  is  because 
of  the  effects  of  density  that  the  air  pressure  is  important. 

A fixed  design  of  fuel-cooled  case  is  considered  first,  equipped  with  a 
motor  and  fan  operating  at  constant  speed.  In  such  a system,  the  fan  or 
blower  circulates  air  at  a substantially  constant  volume  rate.  If  the  air 
density  changes,  and  the  flow  is  turbulent,  the  power  requirement  for  cir- 
culating the  air  varies  almost  directly  as  the  density  of  the  air.  A de- 
crease of  density  then  results  in  lowered  air  power  requirements,  and  con- 
versely. However,  the  weight  flow  rate  also  decreases,  giving  reduced  air 
heat  transfer  coefficients  throughout  the  astern.  In  general  the  heat  trans- 
fer coefficients  do  not  change  as  rapidly  as  the  density.  As  the  density  of 
air  decreases  in  such  a system,  the  tendency  of  the  reduced  power  requirement 
is  to  reduce  the  temperature  difference  required  between  the  equipment  and 
the  fuel  to  dissipate  the  system  heat  loads.  At  the  same  time,  the  tendency 
of  the  reduced  heat  transfer  coefficients  is  opposite  to  this  and  would  pre- 
dominate in  all  instances  of  good  design  There  the  air  pumping  power  would 
represent  a small  percentage  of  the  net  cooling  capacity.  The  effects  are 
reversed  for  an  increase  of  air  density. 

In  a system  where  the  air  flow  in  the  heat  exchanger  is  laminar  (as  in 
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a cor©  where  the  air  flows  through  tubes  with  Re  < 2300),  there  is  theoreti- 
cally no  change  of  circulating  power  requirement  for  changed  air  density. 

The  heat  transfer  coeff iciaats  are  changed,  however.  As  the  density  de- 
creases, a greater  temperature  difference  is  required  between  the  equipment 
and  the  fuel  for  a given  cooling  capacity,  and  conversely.  The  effects  of 
varying  air  pressure  on  the  performance  of  a system  can  be  determined  quanti- 
tatively by  calculations  of  the  type  given  in  Appendix  D to  this  Section. 

It  is  next  supposed  that  the  system  is  not  already  established,  and 
that  it  is  desired  to  design  for  a constant  net  cooling  capacity  available 
to  the  equipment,  and  a constant  temperature  difference  between  the  equip- 
ment and  the  fa  el.  The  air  heat  transfer  coefficients  remain  unchanged  so 
long  as  the  weight  rate  of  air  circulation  is  constant.  Far  turbulent  flow 
with  a substantially  constant  friction  factor,  a constant  weight  flow  rate 
is  maintained  if  the  volume  flow  rate  is  proportioned  inversely  to  the  air 
density.  It  therefore  follows  that  the  power  required  to  circulate  the  air 
varies  inversely  as  the  square  of  the  air  density.  Therefore,  if  the  density 
of  the  air  is  reduced,  the  air  flow  volume  must  be  increased  in  a greater 
than  inverse  proportion  to  the  density  ratio,  so  as  to  provide  higher  heat 
transfer  coefficients  to  accommodate  the  increased  total  of  equipment  and 
circulation  power  heat  loads.  For  laminar  flow,  the  variation  required  in 
air  flow  volume  for  changing  air  density  is  the  same  as  for  turbulent  flow 
with  a substantially  constant  friction  factor.  If  the  air  density  is  in- 
creased, the  air  flow  volume  may  be  reduced  in  mare  than  inverse  proportion 
to  the  ratio  of  densities,  since  the  circulation  power  requirement  is  reduced, 
and  smaller  heat  transfer  coefficients  are  suitable. 

From  the  design  standpoint,  a ystem  may  be  operated  with  low  power  re- 
quirements for  a given  cooling  effect  if  high  air  densities  are  involved. 

It  is  therefore  more  feasible  to  design  a fuel-cooled  case  far  operation  in 
a dense-air  environment  than  in  a rarified  atmosphere.  If  the  compartment 
in  which  the  case  is  located  is  exposed  to  low  pressures  at  high  altitude, 
it  would  be  preferred  to  use  a sealed  case  containing  a more  dense  atmosjiiere. 


APPENDIX  A TO  SECTION  II 
Nomenclature 


Symbol 

Definition 

Units 

K 

Net  free  flow  area  for  air 

ft2 

Net  free  flow  area  for  fuel 

ft2 

*n 

Annular  cross-sectional  area  between 
inner  and  outer  shells 

ft2 

*o 

Heat  transfer  area  based  on  outside 
diameter  of  tubes 

ft2 

^x 

Heat  transfer  area  on  outside  of  outer 
shell  of  the  casing 

ft2 
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Definition 

Units 

cf 

Specific  heat  of  the  fuel 

Btu/lb-°F 

CP 

Specific  heat  at  constant  pressure 

Btu/lb-°P 

D 

Diameter 

ft 

De 

Equivalent  diameter  defined  where  used 

ft 

Di 

Diameter  of  inner  shell  of  the  heat 
exchanger 

ft 

Do 

Diameter  of  outer  shell  of  the  heat 
exchanger 

ft 

deb 

Equivalent  diameter  far  heat  transfer 
on  air  side  (Design  c) 

in. 

Equivalent  diameter  for  pressure  loss 
on  air  side  (Designs  A and  C) 

in. 

d«fp 

Equivalent  diameter  far  pressure  loss 
on  fuel  side  (Design  B) 

in. 

dti 

Inside  diameter  of  tubes 

in. 

dte 

Outside  diameter  of  tubes 

in. 

f 

Darcy  friction  factor 

dimensionless 

G 

Weight  flow  rate  of  air  based  on 

V 0 - <VV 

lb/hr-ft2 

g 

Gravitational  constant  -32.2 

ft/sec2 

*e 

Convection  heat  transfer  coefficient 
on  inside  of  outer  shell 

Btu/hr-ft2-°F 

hi 

Convection  heat  transfer  coefficient 
on  inside  of  tubes 

Btu/hr-ft2-°F 

N> 

Convection  heat  transfer  coefficient 
on  outside  of  tubes 

Btu/hr-ft2-°F 

hr 

Convection  heat  transfer  coefficient 
on  outside  of  outer  shell 

B tu/ hr-f t2-°F 

3h 

Correlation  factor  for  heat  transfer 
coefficients 

dimensionless 

k 

Thermal  conductivity 

Btu/hr-ft-°F 
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Units 


Symbol 

L 


n 


n‘ 


N 


APa 


PL 


H 

ft* 

<3c 

<3e 

qf 

% 


qua 

qjif 

Re 


Definition 


Length  of  the  fuel-cooled  case  ft 

Length  of  fuel  passage  (Design  B)  ft 


Number  of  tubes  in  the  heat  exchanger 
core  dimensionless 


Number  of  parallel  paths  formed  by  tubes  dimensionless 


Number  of  times  the  fuel  in  a single 
passage  traverses  the  core  length  (De- 
sign C),  or  number  of  times  it  encir- 
cles the  case  (Designs  A and  B)  dimensionless 


Average  air  pressure 


lb/in.2 


Pressure  drop  of  air  through  heat 
exchanger  core  in.  of  water 


Pressure  drop  of  fuel  through  heat  _ 

exchanger  core  lb/in. 


Longitudinal  pitch  of  tubes 


tube  diameters 
(dimensionless) 


Transverse  pitch  of  tubes 


tube  diameters 
(dimensionless) 


Prandtl  modulus,  air 

Prandtl  modulus,  fuel 

Net  cooling  capacity  required  by  equip- 
ment (heat  generated  by  equipment) 

External  heat  load  to  fuel-cooled  case 

Total  heat  load  to  fuel 

Power  required  to  circulate  air  and 
fuel  through  the  heat  exchanger  core 

Power  required  far  air  circulation  only 

Power  required  for  fuel  circulation  only 

Reynolds  modulus  for  air 

Reynolds  modulus  far  air  pressure  loss 
calculations 


dimensionless 

dimensionless 

watts 

Btu/hr 

Btu/hr 

watts 

watts 

watts 

dimensionless 

dimensionless 
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Definition 

Reynolds  number  for  fuel 

1 

Units 

dimensionless 

Refp 

Reynolds  number  for  fuel  pressure 
loss  calculations 

dimensionless 

r 

Humber  of  rows  (transverse)  of  tubes 

dimensionless 

Temperature  of  air  entering  heat  ex- 
changer core 

°F 

^a« 

Arithmetic  mean  air  temperature  in 
heat  exchanger  core 

°F 

tn 

Temperature  of  ftiel  entering  heat 
exchanger  core 

°F 

*£a 

Arithmetic  mean  fuel  temperature  in 
heat  exchanger  core 

°F 

Ata 

Temperature  drop  of  air  through  the 
heat  exchanger 

°F 

Atf 

Temperature  rise  of  fuel  through  the 
heat  exchanger 

°F 

Representative  temperature  for  the  sur- 
roundings of  the  fuel-cooled  case 

°F 

tshell 

Temperature  of  the  outer  shell  of  the 
heat  exchanger 

°F 

uo 

Over-all  coefficient  of  heat  transfer 
between  air  and  fuel,  based  on  outside 
surface  area 

Btu/hr-ft2-°F 

ux 

Over-all  coefficient  of  heat  transfer 
between  the  surroundings  and  the  fluid 
inside  of  the  outer  shell  of  the  heat 
exchanger 

Btu/hr-ft2-°F 

u 

Velocity  of  fluid 

ft/sec 

*e 

Velocity  of  fluid  after  exit  from  a tube 

ft/sec 

% 

Volume  of  a heat  exchanger  core 

in. ^ 

▼a 

Air  flow  rate 

Ib/hr 

*f 

Fuel  flow  rate 

lb/hr 

• 

X 

Length  of  the  heat  exchanger  core 

in. 
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Symbol 

Definition 

Units 

*f 

Length  of  the  fuel  passage  (Design  A) 

in. 

T 

Substitution  function 

a 

Ratio  of  cross  sectional  area  filled 
with  tubes  to  the  annular  cross  sec- 
tional area  of  the  heat  exchanger 

dimensionless 

Density  of  air 

lb/ft3 

*f 

Density  of  fuel 

lb/ft3 

®a>®b 

Temperature  difference  between  air 
and  fuel 

lb/ft-hr 

®lm 

Logarithmic  mean  temperature  difference 
between  fuel  and  air 

°F 

J LX 

Viscosity  of  air 

lb/ft-hr 

>*f 

Viscosity  of  fuel 

lb/ft-hr 

Viscosity  of  a fluid  at  a surface 
temperature 

lb/ft-hr 

°e 

Effectiveness  of  equipment  as  a heat- 
exchange  device,  defined  hy  equation 
( ii-io) 

dimensionless 

0 

Correlation  factor  far  pressure  drop 
in  flow  across  banks  of  tubes 

dimensionless 

APPENDIX  B TO  SECTION  II 

Summary  of  Heat  Transfer  and  Pressure  Drop  Relationships  for  Heat  Exchanger 
Corea 


The  basic  equations  describing  heat  transfer  coefficients  and  pressure 
drop  in  the  various  heat  exchanger  cores  are  summarized  here.  References 
are  given  to  indicate  the  sources  of  the  data.  An  example  showing  the  in- 
corporation of  these  basic  equations  into  a performance  evaluation  is  given 
for  Design  A in  Appendix  C to  Section  II. 


1.  Design  A.  Fuel  in  Tubes  , Air  in  Crossflow  Over  Tubes 

The  heat  transfer  coefficient  for  flow  of  fuel  through  the  tubes 
is  determined  from  a plot  of  the  factor  jjj  versus  the  Reynolds  number  defined 
as  Ref  » (d^iWf/12/AfAf)  (Ref.  II-2 ) . This  is  based  on  an  original  earrela- 
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(U-12) 


tion  by  Seider  and  Tate  (Ref  • II-l) . The  factor  is  given  by 

-O.lii 


h • (cr)^3l±) 


and  in  the  present  -work  the  factor  ( is  taken  as  unity*  The  ir>- 
side  heat  transfer  coefficient  is  therefore 


i>i  - Jh  ^ (klT^f 


(n-13) 


in  the  farm  subsequently  used  for  calculation.  A plot  of  the  factor  jj{  is 
given  in  Figure  11-20,  where  it  is  necessary  to  know  the  leng th-to-diamet er 
ratio  of  the  tubes  if  the  fuel  flow  is  in  the  laminar  or  transition  regions. 
Values  of  the  combined  physical  properties  (k  ErV3)^  are  given  for  a range 
of  temperatures  far  JP-3  fuel  in  Figure  11-21.  They  should  be  evaluated  at 
the  mean  bulk  temperature  of  -the  fluid. 

The  pressure  drop  for  flow  of  fuel  through  the  tubes  is  found  from 
equations  which  allow  for  the  loss  at  entrance  to  the  tubes,  loss  in  the 
tubes,  and  loss  at  exit  from  the  tubes.  For  an  abrupt  tube  entrance,  the 
pressure  loss  is  given  by  (Ref.  II-3), 

jy  2 

entrance  loss  ■ 0.5  )(!g  ) (II-lU) 


The  pressure  loss  through  the  tubes  is  given  by  the  Darcy  law  for  pipe  fric- 
tion as  (Ref.  II-3) 


tube  loss  - (^)(  ) 


(11-15) 


The  friction  factor  is  a function  of  the  Reynolds  number  and  may  be  taken 
from  Figure  11-22.  This  is  replotted  from  the  Moody  chart  of  friction  fac- 
tors (Ref.  H-ii),  using  a relative  roughness  of  0.0001.  The  pressure  loss 
at  exit  of  the  fuel  from  the  tube  is  given  ty 


, /Tf\  (tt-Ue>2 

exit  loss  - (jjjuJ  


(n-16) 


For  simplicity,  it  is  assumed  -that  the  velocity  or  exit  u^  is  about  one-half 
that  in  the  tubes,  which  gives 


exit  loss  - ) 


(11-17) 


The  over-all  pressure  drop  is  then 


APf  (l^)*0-75 


(11-18) 
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BBBBBBBBBBBBBBBBflB  BBBBB  BBBBB  BBBBB  BBBBB  BBBBB  BBBBl  BBBBB  BBBBB  BBBBB  BBBBB  BBBBB.BBBIB  BBB'ilBBBBB  BBBBB  BBBBB  BBBBB  BBBBB  BBBBB  BBBBB  BBBBB  BBBBB  ■■■BBBBB  IB 
HbBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ■ ■■■■■■■■■■■UB  ■■■■■■■■■■ BBBBB B^BBB  ■■*<■■■■■■■ ■■■■■■■■■■■■■■■■■■■■ BBBBB ■■■■■■■■■■ B«JBBIBBBBBB BBS 
■■■■■BBBBB BBBBB BBBBB ■■■■■■■■■■  UBBBBBBBB  ■■■■■■■■■■ ■■■■■■■■■■ ■■■■■■■■■■■■■■■■■*■■ Br.BBB  ■■■■■■■■■■■■■■■  ■■■■■■■■■■ ■■■■■■■■■■ ■■■■■■*>-■■ ■■■*■■■■■* 
■■»■■■■■■■  ■■■■■■■■■■  BUM ■■■■■  ■■■■■■■■■■  ■■■■■■■■■■■■■■■■■■■■  UBBBBBBBB  BBBBUI  BBfc’BB  r BBBBBBBM  BBBBBBBBBB  ■■■■■■■■■■  ■■■■■■■■■■  ■■■■■  ■ B^BB  ■■■■■■■■■■ 
■■■■■■■■BIB  BBBBB  BBBBB  ■■■■■■■■■■■■■■■■■■■■  ■■■■■&■■■  ■■■■■■■■■■■■■■■  ■■■■■■  ■■■■■■■■v,r  (■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■  ■■■■■  ■*;■■■■■■■■■■■■ 
BBBBBBBBBB BBBBB ■■■■■'■■■■■ BBBBB BBBBB  BBBBB ■■■■■■■■■■■■■■■ ■■■■■ BBBBB ■■■■■BBBBB  BBBB.t  BBBBB BBBBBBBBBB BBBBl ■■■■■ BBBBB  BBBBB ■■■■■■■■■■ Bfc^BB ■■■■■■■■■■ 

■ ■■■■■■SfiBBBBBBBBBBBBBBBBBBBBB  ■■■■■■■■■■  BBBBBBBBBB  ■■■■■  ■■■■■  ■■■■■■■■«•  ■■■■BBUBBB  tlBBBBBBBBBBBBBBBBBB  ■■■■■■■■■■  ■■■■■■■■■■  ■■■■■  ■■■■■  ■■■■■■■■■■ 
■■■■■BBBBBBBBBB BBBBB BBBBBBIBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BhBBBBBBBfl ■■■■■■■■■■■■■■■■■■■BBBBBBBBBBB ■«■■■■■■■■■■■■■■■■■■ 
■■■■■■■■■■ BUBB  ■■■■■■■■■■■■■■■■■■■■  ■■■■■ BBBBB  BBBBB ■■■■■■■■■■ ■■■■■ BBBBB  BBBBBBBBBB  BBMIBBBBI BBBBB ■■■■■ ■■■■■■■■■■■■■■■■■■■■ ■■■■■ ■■■■■■■■■■■■■■* 
BBBBBBBBBB ■ ■■■■■MBB BBBBB ■■■■■■■■■■■■■■■■■■■■■■■■■  BBBBBBBBBB  ■■■■■■■■■■  BBBBBBBBBB  BBB.fB BBBBB ■■■■■■■■■■  BBBBBBBBBB  ■■■■■■■■■B  ■■■■■BBBBBBBBBB BBBBB 

■SSbBBBbSS ■■■■■■■■■■ BBBBbSSbSb ■■■■■■■■■■  ■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■  irBBIHBBIHBBfBBBBIBBBBIBBBH  ■■■■■■■■■"  2SS2SS5!!! !!!!!!!!!! !!!!!!!!!! 

■BBBBMBBBMBBBBUBBBBBBBMBBB  ■■■■■■■■■■  BBBBB  ■■■■■  ■■■■■■■■■■  BBBBB  ■■■■■  f<  ■■■  BBBBB  ■■■■*■■■■■  ■■■■■■■■■■  ■■■■■■■■■■  ■■■■■■■■■■  ■■■■■■■■■■  ■■■■■■■■« 
■SSbBBBbSb ■■■■■BBBBBBBBBB ■■■■BBBBBBBBBB BBBBB BBBBB BBBBBBBBBBB BIBBB  BBB^B  BBBBB BBBBBBBBBB BBBBB  BBBBBBBBBB  BBBBB BBBBB ■■■■■■■■■■ BBBBB BBBBB ■■■■■ BBBBB 

SiBBBBBIBB  BnBBBBBBB  BBBBB  BBBBB  BBBBB  BBBBB  BBBBB  BBBBB  BBBBB  BBBBB  BBB«BBBr.BB  BBBBB  BBBBB  BBBBBBBBBB  BBBBB  BBBBB  BBBBB  BBBBB  ;■■■■  BBBBB  BBBBB  BBBBB  BBBBB  BBBBB 
«■■■■■■■■ ■■■■■■■■■■■■■■■■■■■■ BBBBB ■■■■■BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBBBBBBBBBVBB BBBBB BBBBB ■■■■BBBBBBBBBBBBBBBBBBBBfl BBBBB BBBBB BBBBB 
■BBBBBBNBBBBBBBBBBB BBBBB  BBBBB  BBBBBBBBBB BBBBBBBBBB ■■■■■■■■■■■■■■■’>■■■■ BBBBBBBBBB ■BBMMBM  BBBBBBBBBB ■■■■■■■■■■ ■■■■■ BBBBB ■■■■■■■■■■ ■■■■■ ■■■■■ 

IUbBBBBBBBBBBBBBBBBBB  BBBBBBBBBB  BBBBBBBBBB  ■■!■■■■■■■■»■■■■■■■■  BBBr  *■■■■■  BBBBBBBBBB  ■■■■■■■■  B.^ ■■■■■■■■■■■■■■« B BBB ■■■■■■■■■■■■■■■■  ■■■■■  BBBOBBBBBB 

!«■■■■■■■■■  BBBBBBBBBB  BBBBBBBBBB  ■■■■■■■■■■■■■■■■■■■■  BO'.<BBBBBB  ■■■■■■■■■■■■■■  BBUBBB  ■■■■■■■■■■  ■■■■■■■«.'■■■■■■■■■■■■■■■■■■■■■■■  ■■■■■■■■■■■■■■AJUaBA 

BBBBBIBBB BBBBB ■■■■■■■■■■ BBBBB ■■■■■■■■■■ ■■■■*■■■■■ BBBBBBBBBB ■■■■■■■■■■ BBBBBBBBBB ■■■■■■■■■■ BBBBB BBWBB BBBBBBBBBB  BBBBBBBBBB ■■■■■■■■■■ I 

IBIbBBBBBUBBBBBBBBBBB  ■■■■■■■■■■  BBBBBIBBB ■■■■■■■BBBCi  ■■■■■■■■■■■■■■■■■■■■  ■■■■■■■■■■  ■■■■■■BIBB  ■■■■■  BBBkJBBB ■■■■■■■■  BBBBBBBBBB  JBBUJJJJBS  I 

llBBBBBBBBBIIIBlIBBBBaBaiBkBBIIIIIIlIBBlIBBIIBIBPaiBBBBlIBBlIBBBBBBailBIUBmBBIlIBBBlIBBIIIIIimik'IBIIIBIBIIlmBBBIIIlIBBIBIUllllllliaiH 
!■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■ ■BBBBBIBBB ■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■ BBBBBBBBBB ■■■■■■■■■■■■■■■ ■■■■■■■■■■ ■■■■■! 
!■■■■■■■■■■ BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB  BBBBBBBBBB ■■■■■■■■■■ ■■■■■■■■■■ ■■■■■■■■■■ ■■■!■■■■■■ ■■■■■■■■■BBUBBB ■■■■■ ■■■■■■■■■■■■■■■ ■■■■■ ■■■■■ ■■■■■ ■ 

iBaBnBIBMBIBBBBBBIBBBmHBBaBBniBBHiaBB^aaiBBaBBBIBBBIIBIBaBlllIBBBBBBIIBmiBBBBIBBBIBBBBIBIBBaiUBBIBBIRaBBiaiBBlIBBBIIiaBBiaBBfllliaBlI 

■■BBBBBBBBB BBBBBBBBBB BBBBBBBBBB  BBBBBBBBBB BBBBBBBBBB ■■■■■■■■■■ ■■■■■■■■■■■■■■■■■■■■ ■■■■■■■■■■ BBBBB ■■■■■■■■■■■*?!■■ ■■■■■■■■■■■■■■■■■■■■ ■■■■■■■■■■ | 
^KBBBBBBBBBBBBBBBBBBBBBBBBBBB ■■■r.^BBBBB  BBBBB ■■■■»■■■■■■■■■■■■■■■■■■■■  BBBBBBBBBB  BBBBBBBBBB  BMBBBBBBB  ■■■■■■■>:■■■■■■■■■■■■  ■■■■■■■!■■  WMMHWI 1 
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I BBBUBBBBB  BBBBBBBBBB  BIKa BBBBB  BBBBBBBBBB  BBBBB  ■■■■■•■■■■■■■■■■■■■■  BBBBB  ■■■■■■■■!■  ■■■■■■■■■■  ■■■■■■■■■■  ■■■■■■■■■■  BiCBBBBBBBBBBBBB^?  *■■■■■■■■■■*  | 


I ■■■■■■■■■■ BBBBBBBBBB ■■■■■■■■■■ ■■■■■■■■■■ ■■■■■■■■■■ ■■■■■■■■■■ BBBBPBBBBB ■■BBVBBBBP.  ■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■ ■■■■■■*■■■■■■■■■■■■■ 

■SSSSSSSSbSSSSSSSSSSSSSSSSSSSSSSSSSSSSSb ■■■■■■■■■■  ■■■Bfl»4CaBr.PerjB»:*rBBaBBBBS«B-JBaBBBBBBBBBBBBBBBBBBI  ■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■  ■■■«■■■■■• 

■SSSSSSSSSbbSSbBBBBB  ■■■■■■■■•■■■■■■■■■■■  BBWBBBBBBBBBBBBfcBBBBBWMBBCJBB  ■■■■■■■■■■  BBBBBBBBBBBBBBBBBBBB  ■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■  ■■■■■■■■■» 

■ BBUBBBBB  BBHBBBBBB  ■ ■■■■■■■■■  ■■■■■MBBB  ■■■■■■■■■■  ■■■■■■■■■■■  BUB  ■■■■■  ■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■  ■■■■■■■■■■•■*■■■■*■■  *■■■■■■■»* 

■SSSbbSSSbbSSSbSSSSbbbbbbbSSSbbSSbbbbSSb ■■■■■■■■■■■■■■■■■■■«■■■■•■■■■■■■■■■■■■■■■■■■■■■■■■ ■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■ ^ ■■■■■■■■■■ 

RflPPBV-f'aS'p'BflSrnnClllBBBBIBBBflMfllBBBflBBBBlBBIIBflBIUIIBIBBBIflBCa.r.BBIBBBfllBIIBlIBBBIIIimilUIBBBIBBBBIBflBBBBIIIllllBflfllBBBIBflllBBIII 

■bb"w  a tT.i"5«jr.BBXB.i"^tiB  ■ ■*■■■■  ■■■■■■■■■■■■■■■■■■■■  ■■■■■■■■■■  ■■■■■■■■  mr  ■«■■■■>■■■ 

m-j".:mKtii»».wn.»«BWBBiHB«BB«i»niM»««»»n|»»llillllll|i»»wHB>i<«^»l»l«»»  mnmMimumi 


Physical  Properties  of  JP~3  Fuel 


2 3 


6 7 8 9 1 


2 3 


6 7 8 9 1 


■■■■■■■  ■■■■■■> 
mnnan  Banna 

■■k'niiHR 


Uaiun  

■ ■ ■■■■■  laaiviiidiitii  iiiii n 
■i  aaaaa  ■■■■■■mi  him  iuii  n 

■■  ■■■■■  ■■■■mi mull  uni  ■ 

■ MUU  111 II <1111 IUH  limn 



Pia  laaiiiim  iimiiiu  ■ 
PBiaaiMitiaaiiiaiiiiimiiiuH 
Kim  mn  iiuanui  mu  mu  ■ 
it  ■■■■■  iininm  mu  mu  inn  ■ 


sassssssssass:: 


— M i ■ I a I ■ yyyya 


a Sana  a! 


■NMin  NNIinilUlUB 


■niuiiiiiiiini 

mmVMIIIIIIMMIIfiHiiaBiaiiiiiiunii 

■ a nnu  hiibr  an  ai  mn  raaaa  an  a a aaaai  lam  nil 


■■  — >.-■■  ■■■■■■■■! 


■ ■■■■■I 

■ ■■■■■I 


■ ■■■■■III  IIIII  lilUM 


■pamaummiRaiaBiiiiiiiiuiiiiiiiiiii  mnn 

jljl  j ■ 


■ i.'iiihiii  aaaaa  aaaia  aaa  ai  iuii  idii  ihh  a 


■iui;uiiiHHiRiiiiiimiiiiiiiiimiiUM 


nniiniiiniuiii  mim  mu  mu  uni  um  inu  ■ 
EuHiuiiiiiiiimiiii^niiiiiiiiiiiiiiiiuiiiiumii 
■■iniuuiiiiiimitsini^iiiiiniiniiiiiiiHiiiuniii 
■■■niMiiimiimimnitMiiiiiiiiiiiimiii  muni 
■mniiiiiiiiHiiiiuiHiiii^iiiiiiiii!i  mu  imiiii 
■mBBamnumiinmniiimsiiiiiiuii  mu  ii 
iHmamiHiiiuaiiiiiii  inn  nsunuumi  u ii  mu  i 
HamiiiHiumiiiuiiiuiiuiiiiiiiimmiiii  umni 


Sum  muulnS 

mMBRMRnMMMMBBHBmmii  i a ■■■■•■•■■  nn  n 
■ nan  ■■■nMnaniiauwi  sainirran 
himil  ■■■■■  mu  iniincii  iimniiia 

t ■ i ■ ■ ■ i ■ ■ n h ■ ■ aaaamiaMMiiaiiiaaima 

in  ■■iuiiiii iiiiMM ■■  ■■■■■■■■■■  aim nm ami  ihib 
in  ■■■■■■■■■■  ii  in  mu  mmuniuD  aim  mtmr 
■■Mwi'niHuiiiiilininninmHiniliiiiliHni 
iBaanunninmiiinannHiiMMiniiimii  nm 
■■■■■■mi  ■■■■■  ii  ui  i^ia.  ii  ■■■  ii:  i hi 

■■BBHHRaaiaiMaMnuiiiiiiiiuiMmiiiiMiiiiiiiiimitfl 

■■■■M—MimiminimuiniMiiimiiiininiiM 
Hnaunaiminmnniinniimuiunniiiiiiimm 
■BBaoauaiuiinninninniiiiiiuniiuiiiDiiiii 

Mimiimmiiiimi 

[■aaiiHiniiiinmnniiniiimiiunmiiBiiiH 
■■aiBuiuiuiiniiiiiiniiniiiiiininiiiiiiiu  mn 


!■■■■  ■»■■■ 
BRaBama  ■■■« 
ai  ■■■■■■■■■mi 
Miani  mmmmb  mn 
I Mill  ■■■■■■■■■■! 


■ MBmMIM  MMMMH  bhmmiiH 



iBBaummHB^uuBBBBBBBRRaaaaaii  uiaBBaaiai 
mu  aaiu  bbbbb  aaan  iRiiiiniiNuaa  ibi 


■ ■■■■■■■■■■■ 


■■■■■■■■■■■■■■MU 


■■■■■■RBnnniiiimi 

■aaanninimiimnaaaniiin 

■MUBUBIIIIIIIIIIIIII 

iniiiiimiin 
niiiiiiiun 


■ii|jiiii 


■MBBImiiiiiuiiiiiiii 

■■■■■■■■■■mmnnmn 


■■■a 


■aiaiai  naanmna 


miauimui 


hm  aaaaa  ■■■■■  aaaai  Min  man 
■■■■aim  nm  lain  nan  mi 


SnSnSmuSaaSmamaalSiSi 

laannaanm  naannnwaaa  awaaiaw 


laa  aaaaa  aaaat  in  ■■•■■* 


aaiMamaiaaiiBmaamiianiaimiiiiiiiiNia 

■■■■■■■■■a  ■■•■■  ■maaunaaiiiiiiiii  iiuuini  m 

■■■■■■■■■■■■■■I  ■■■■■  ■■■■■■■■■■ 


■■mamiiunaaaaa  ■■■■■■■■■■■idiiuiiiniiMMMaimaMaBBmaaaaaiaMnaiaaiaiaMaaaaafll 

— bot»mw— — — —■—■■■Bim  MmmnmmMMmBBimBMBBMMimwwMii—BiiMMi 

■■■■■■■hictim  mmmmb  bbbbb  -mnm  mn  hb  ——— — ■■—■■■■  ■■■■■  ■■— ■ hiihwi  mmmmu  bbbbb  i 


SS  bbb  aa  SaaSS  Soil  iSCn 


bSSSSbbbb 


urn  iiiii iiiii  a 


m lun  win  mil  — ammm  mmaBMM 
iiumi  mu  miBiauBBaaaau  mam  ai 

BiimiuiBumBUBBaaBMBamiBUBBBBBaii 

umiiniiinnumaiuBBBiBaBBBBia 
liiiiiiiiiuaummmmMMBBBBBBBBii 


HfenliRS  naaa  aaaai  i 
ibbhi  inn  mn  aiua  aaaii  i 
mn  miniiii  nua  laain 
in  hiii  uni  iiuimu  i 


=========il=IiH;:=E=;;n=;=====;==n;EH;;M=i;;;;.:iT?g 

■BBBBa*“aaaaaaunianMianiBaBMnmainMainimiiiiiM 

EiaaiiaaiiiiMBmniiiaaaaaiMMBiBBiuiiiiiiiuiiH^HU 



BmwaawaaaiinHnaaaaaaawMnaHinimnuluimt—Mal 

&■■■■■■■  Snamaniannai  ana  ■■■■■■■■■■■■■■in  nun  i ii  m—mn^ 
faamaamBBBBaBBaaaBiaa——«i»n>HHnm)mnmmwM|W 

|a«  • ■ g ■ ■ i ill  i » hi  « i si  m mb«m  m » 

[in  fiiiniiuinii  mil  auaMBM  a 

BHHmiihii  nm  nm  ■bbhui 

ii  inn  iiimiHimmmuim  a 


5:5SSSSnSSaSS5S55ZmSSSSSS»!I”S:SS!n:":SSSS5SS5SS5! 

aaaaMammMiaaa—aaw'nmMmniiiHmMaam— ■■■■■■! 
■■aninnaii  ■■■■■■■■■■■  aaaai  mu  limn  ungmanmaHaai 
■a  a Spa  aaaai  aaaaai  ■■■■■  aaaaa  »aaai  ii«n  jMMMMmmmBi 
nmnnmaam  mn  aaaai  lain  um  iyj  mMSMse 


:^::s rs 


■mMUiHuSuSn 


■■■nmuuinimniimBaaiuaiHiBiniiininmuB 
■aim ■■■iiiiuiiiiiHiuiiiiiiiiiiiiiiiiiniii  tuna 
— — ■■imiimHiiiaa— mimiinmniH  mnp 


ma  naia  imikmiii  nig  i 
wauaii  inn  nui  lira  1 
imaaBUBtiniaiiumj 
laauaiunuimiiiini 


■BBaaaaaaaaaBHiiHimnniiimHHiiiiininiiiiiiiiiu! 
IBaBaaaaaniiiiiiiiiiiiniiiiniiiiiiimiiiiiiiiiili 
|Biaill|IMIIinHMIHIIIHIIIIIIIIIIIHHIIIIinil 

mu nm 


laaBHimiHiiiuiiiiiia 

ibbirkiiiiiiiiiiiiiiiii  i 


n iiiiiiiuiiii  miniu  mm  in 
I nillllMIII  lllllllll  UJH 111 


bbrrr  iKiiiiuin  i iiuimu  iuiiiii  tniiii 
■nniiiiiiiiiiiiiiiiiiimiiiiiiimiiiii'miiniiiiiiii 


>flH 

Min 


nnSSa  bhhhmi  j|n|<||n  nnnnnaBaaa  aaaai  j!  jlj 

5a3SSS55Sn5n5nSSSS5aaa5a«!aSInnnnSS35SSRSB*aBaBBB 

as  w«aiHaBB»HBaMn>iiiinaaauaiBM»inii>l 

an  amnna  ■■■■■■■■■■nawnan— BBaamnnitaa 
nmmmMMMMMnnnaaaaa  aaaaa iniianaaaniH aaaat  ma 
BMHBBaaiBiMBmmiiiBniBiiiMimiiiaiiii 

mirnaamaa'M11  ■BaBBiaiai  MnnannM«UHMM|J 

laain  a aaa  a a lam  ■■■  aIRRmUBBRmBBBBBm 

H^^HBHaaanaaiiiiiiaiMn«aanaaaiaaa|iiiiiiiiiiiiniu 
taMBMaansaiaaiai  nui  ■■■■■■■■■■■■■■iuni  um  iiiii  ■ 
iMniniiiiminiiBBBBBiaiiimniiiiiiiiuiiiiB 

B^maaMimRMlUIBBBBBRIRRIlIRhlUllllllllHIJl 
^■BBBIBIUlinillBBBBBRBIIMUIlUIlimUiml 


t*M*i!!S!j] 

MiniimriB 
RRBHmRHiiniii  ■ 

la  Bat  iiniiim  iiiniiuiB 
iiBunniuaii  mu  iiih  B 

mmnmiia  mi 


ana  nm  aaaai 
■aaa  ■■■■■  mn 
aan  ■■■■■  mmi 

mnmai 


■BBBBIIIII1I IIIIIIIIIIBBBIB  IIIII! 


■HHRMMfciniiiiiiiniiiiiniiinii 

■iiiii  im:iimRflB»ufliimn  mil  iuii 

MHBHIIIi mu  iiiii i'iu  ■■■■■iiiii  iiiiuiiMiiiimnBBMMuu8fii|iBiiiiiiiiiiiiiiniuBiiiiiiii 

■■■■■■■■■iiiiiiiuiuiiiircniiiiiii  —wmimiimiifimimu 

■■■■nilllllUIIUI  nmi^lllllll  lllimH 


nn  Sum  5 an!  ■■»!««■  San  a ai 
aa  aan*  ■■■■•niu  mlaani  aaMl 
U nnnjBPaaaaaBBaj  gnnnn  aataa  J 
nmnmnnniaaBiaHaaii 
■ maaiBiUMaaanaaan 
iBBaaaiaiiiMMMMMaana 


■ m—— i— «■■■—■  ■■■■!»■■  ■■■«■■■ 
imanmaMBBaraniinuiiuiaaaaaani 


■inmuuii 


■■■BiBBflBIUBiailllllinilllllM 

aUHHRRRRMRIflpBBaRRinilllllllllU 
BRBMB  ■■UfBaaa— aBHRiiiiuM— 


mi 

III 


■■■■■■■■■iiiiiiiiiiiiiiiii!iiiiiiiiiii 

MiHiiiiiiiiiiiiiiiiiimiiiiiiinii 

j ninmiiiimuminiiiiiiii 
■■niiuiimiMiiiiiniiiiiimii 
iiniiiimiiiiiiiiiuiiimiiiiiii 


uaaaaaiiiii  mu  iiiii  iinmni  nnnnm — 
IjamBaijiM  iiijj  iaaai 


SRS 


imKaSuHuiiiniiiniBBiii 

pMBk£!*l  in  limn  BBBBB  flfl: 


■BBBBRRRRWilllinnUBBRBRRilMiRMMB 


[•■I  •■■■■•■••I 

Hiaafta ■ >«a»iiii  miiiijui 

IBBBI m bWh mmm  aaaai  laari  mil  min 

ib  ana  r nnnnm  ■ ibi  nnuiu;  n 
inaiBBiaBaaaaBBiiiiBimiiiiiiiiuin 
iMimiaiianillllnilll  lllimmimll 

aaaaa  aaaai  mu  nm  in  n 
■■■■aaaaai  ■■■■■Hi||||||U 


53  335  KESi^Jnjnnnnnn 

nn  aaaai  UiM]Haanaann| 


wnauBBaaninuiSSmnaS 
nan  mm  mm  aa  BUMaiin  lamjnpiMii 


issssassssKUsss 


imiiii 

■BBMMiaaaaBBmaiimiiiiiBiiniiinaiiiiiini iuiiiii  il 
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This  is  subsequently  simplified  further  for  use  in  * calculation  procedure 
(see  example  of  Appendix  C to  Section  II). 

The  beat  transfer  coefficient  far  air  in  crossflow  over  the  tubes  is 
determined  using  a plot  of  the  jg  factor  which  applies  to  such  a configura- 
tion. A plot  of  this  type  is  given  in  Figure  H-23,  and  is  taken  from 
Reference  (H-5).  By  this  correlation  the  heat  transfer  coefficient  is  given 

*0  - Jh  (EM?) 

where  jg  is  given  as-  a function  of  the  Reynolds  number,  defined  for  this 
purpose  as 


Re 


The  fluid  properties  (k  Jr  4/3)  are  given  for  air  in  Figure  H-2lu 
evaluated  at  the  mean  bulk  temperature  of  the  fluid. 


(H-20) 


They  are 


The  pressure  drop  of  the  air  in  crossflow  over  the  tubes  is  calculated 
using  a correlation  of  Gunter  and  Shaw  (Ref.  H-6).  Their  method  employs  a 
friction  factor  0 defined  in  appropriate  units  as 


(11-21) 


where  dQp  is  an  equivalent  diameter  for  tube  bundles,  defined  as 

, m (h  x net  free  volune)(in. 

**  (friction  surf  ace )( in. ^) 

Values  of  the  factor  0 are  given  as  a function  of  the  Reynolds  number  in 
Figure  H-25*  where  the  Reynolds  number  is  defined  as 


(11-22) 


(n-23) 


The  equation  defining  the  friction  factor  0 is  solved  for  A Pa,  the  pressure 
drop. 


Another  heat  transfer  coefficient  of  interest  in  Design  A is  that  at 
the  inside  surface  of  the  outer  shell.  This  is  important  in  determining  the 
external  heat  transferred  into  or  out  of  the  casing.  An  equation  for  the 
heat  transfer  coefficient  far  flow  of  a fluid  past  a flat  plate  is  used  for 
this  purpose.  A suitable  equation  is  (Ref.  H-7) 

“c  - °-028(l)(^)  (I*>V3  (II-2W 


WADC-TB  53-114 


■III  I II  I II  I ii  i it  i raiwwti 


■aa  nm  ■usiinn  ■■■■■  mil  nan  iiiiium  ituia 


..... ■■■>«*•  ■■■■■(■■] 

Sm  ■•■■■  ■■■■»■■■»!  tim 

m —■■■■wwiilHMwaww*ii**l||niinlJiI»l1 

IsSSaSSSSSSSSSSSUUSS&SSR&BSSSSSKSKSiSSISSSSSSi 
IS  aaiii  *****  mnuui  Sun  mn  mi  i »mi  mn  iini  i 


■■MHHiii  ■iiuiiiiiHaaaiiHai  mu  tun  i<n  ■ 
[■■■■■■■■■■3aaaaaiaiaiaiaiaiaiaBBHuw|||||y|UUllU 

■ ■ ■■■■■■■mi  ■■■■■  ■«■■■  aaaaaij 

naaaiiiKaiaiaiiimiiaBssiij 


■■■aiBaaaaaaaaaiiiiiimiiiiui 


■■■■■■■■■■■BiaaiiiiuiBMaBiaaBaBiRHiiiiiiiiuiiiiil 

BMBBBBifl»aiinuimiaBBaBa»iiiiiiiiiiiimiiiini| 


-^SSSisisssKisSs5s5SSSii£ii!!i!i:i!ii:sSS=sss=saa=s5ss5S5sssssss:K:sBSSS5sas5sssss:sss:s:v:«saaBSSsaassss; 


aaaaiBBHBBiBflBBBBBflaaaaiiiiiiiiin 

£SSSSZZ^iiiii!iii!llMIII>Miaaa>U>|iUuiu|l|mUUtt 


MBBEaaaaiiiiimmmiiiiiiisieiiiiiiiimiiiiiiiiiiiiiiiHB 

iSBBBSaKBaKKiiliiiiiinilllMMBilHlIjljjiiililimillilSSSSpSilBBlIllSillllllllllllllllBlllllinilHIimtinilllHIl 


HI'  uimii 

ii!!!!l!i!!!i!n 

BBiiiiiiiimiisiiuiii 

. BKIiiiiiimiiiimiim 

■HaiiBiiiiiiiiii'!iiiMjiili*simHiHiiuiiiiuiiiiuii 
BBBaaaBiaiiiiK:aiiiiiiiiii!aiiiiiiiiiiiHiiuiii!iiiiuii 

flBBaRBSaiii;iiiniiinn;iiiiiiimiiiiiHiiuiitniiiiiii 

HBRRRIlfSallllllliKillllllllllllllllHinilUjjjjlU! 


■■■■■■■aHaaaMMaSSBBBBa^ ■Sail  Sill! iim  iln ! 
VHWHHIVHHMOTNa  aaaai  a*i*i  mu  imr 
......  lllmiiiiHiBBBai  aaaaa  ■aaiiaiaaiiiaiiiiiii. 

___  .^^MaBiBBaaiiaaiaaiaiaiaaBBiiBBBaBRBiiaiaiiiiiitiiit 

■ BIBBflBBIBflBBflBaBflB  IMlIllltl  RBRBB  BHRaailBBIIIIIIIIIllHHI 

nan min 

■■■■■■■■niMURiRiiiinianaBBanuauiniiiiinifiiii 
br  ■aRMBBBBBanaaa  iiiamm  bbbbb  brrib  iibiiiiiii  iiiiiiuii 
■ ■■■■■■■BBaBiaiiimiiiiiianaaiiaaiiuiiiiiiiiiiiiiiiii 

■■■■■■  ■■■■■■■■ii  iiiiiiuii  ■■■■■  mu  uni  mu  mu  mn 
■■■■■■■■■■lamiiiiiiiiiiiHiHiiiiimiiiiiiiiiiuiiM! 
■■■■■■  ■■iiiiiiiiiEiiiiiiii nm  mu iiiiKiianiiiiiiiii! 

BBBBBBBaaaaiiiiiiiimnwiiaaamimniiiiiiniiiiiniii 

■bSbrhb  iiiiiiuii 

BBaBRaBimiiiuiiiiiiiiuiiiiiiiiiiiiiiiiminiiiHinii 

■BBHiiiiiiiiiiinimiiiiiimiiiiiiiiiiiniiiiiiiiiiiiii 

■HIUIIIIIIIIIIIIfllllUllinRHUIIIIIIIIIIIIIIIIIIIIII! 


2 3 


2 3 


ra  ■.■■■«■■■■■■■■ 
immunnaa 
mm  muninn 


■ MUlUIHUIIimillUIIB 

■ ■■■■imimiiHimiiiiia 
inunttH  uiMlun  iiuta 

■ mjraaaaaufaaaaiiiiiiiiiiiH 


— ■■■i:ninHniHHinHMM— MMniiiunumunt— !■■■■ 
— — Pawnmwwmni— «■■■ 


■a  iniumi  am* 


■nu  naigfina  ■■an  nan  naai  ■ 
■■■■■  ■■«■■■■■■  aaaaa  iiiii  uu  ■ 
■■fiuwnaiaaiauiuinai  uni  ■ 
■ran  nan  a an  inuuiniiui  ■ 
■«■  ■■■■■—■■  mi  lain im i h in  ■ 
■Hjiiunmnmiiimiiuiin 
;mn  uni  MiiiiiiniuiiH 


■■■■■■■■■■  am 


■■■aaaaaiantm 


LiainMimiHiiiHH 
l * a ■ a b • m a a 1 1 th  • am  mmt  > 
ilWWWWWllWroilW— Itaanim  i»mi  uni— i 
aaaaaauu iHtiaaaaa  aaaaaiwumminiini— i 
■ ■■■■■  aaaana  an  am  aava  ■ ■■■■■■aMaaMgagaagaMaggaMMa 


HssEES  sss 

W ■■■■■■■■■wiawmai  uni— m— i ■■■■■■imi 
bbbbbbbb a»  — aa  Hauifin  aaiai— ■— — bbbwbbbi 
iMiaaa  aaaaa  anaaa  aaaa  a m ■■  mai — ■aawnnMMBMaaaai 


laaiaimmmna 

■bbbsbiiimoiiiiib 

aiaaaiminnuiB 


■■■ina  aanuiuiKaimn  mu  ■■■jhiiuhiih  uni  ran 
■vmuiniiiianin^HiMuiiuiiuuiiniiniiiuuaii 
■■■■■UHiimuiiiiiaoni  ■■■■■■uiiiuiiuiiKiiiiraH 
■■■HVflim  iniflimuiiiiHiiiiiii  imnnii  uiii  am 
SumraMMiamiuiiiakramiiMiunimiiiiiiifiiiran 


iniiiHaaaBBHiamaiimjiiuiiiuuaHHamnnnuaaaaBtanaiimaiaauBBa 

HlunwMMiaiiiniiimmiiHHi— ■■■wibiibihiwb 
Pa  iMiinn  ■■■■■  aaiai  ii  in  mu  mil  ■■■■■  ■■■umniiiii  Miamui  ■■■ 


■unraaanaaBmiMiuaiiiafcraniiiiuiniiiiiiiiuim 

■■unmiiiaiiiiiifiimMfcMiiiiiiiiiiiiiiiiiHiiiiT 


it— ■■■■■— — iiila  ami  mu  inn  inii  iiHinnumi  ■ 
iu — r— njiaumnraraiiiiMimiiniiinuinuB 

iuaMHuniiiuHUiiimiiiiiiiMMunm||Mrani 


KHiHiuiimiiiiiiiniauimiiiiuiii  minimi 
■■■■HiiiiiimifiiuiBuiaaiiiuninii  lunuing 


■■■■■■mi  iiiiiiiu!  mn  ihiiimi 
■■iiiiiiiim  imnnii  ■■■■■■■■■■  imi 
■■■■imiaiui  iiiminiauH  imi  iiaa 
mMUHiHHiiiuiniiiiMiaiiiiiiiii 


■■■■■■■■■■■■■isummiiiiiBaMiiiiiiiiiiiiii iMtnB*mMHKUBaiaaiiimiiiniiiiiiiiaimiiimi 

MM— ■■■— ■■■MifminniiiHH  ■■■wiiinniiiiiiimniif  ■■■■■■■■■■■■■■mnmnmiiwmnm 

■■■■■niaiiiiiiiiiiiiiiiniaiiiihMiiiiiiiiii  IlmuiiBMHnmnHiiimmniiiiiiiiiRiiiiiiiiiiiiitiiiiniiiiiimmMMMUiiaiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii 
■■■■MiiiiimiiiHiiiimiiiiiiiik'iiiiiiiii  muuiMMHHUMiniiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiimiiiiiiiiiiimMnHHiiiiiiiiiiiiiiiiiniiiiiiiiiiiiiiii 
■HumamniiiKiiBuiniiiiiiiiuii^iiiiiii  uiiiiiiMHHHHiiiiiiiiimiiiiiiiiiiiiiiimiiiiiiMimmnfiiiiMMHHHiiMiiiimiimiiiiiiiiiiiiiiiiiiii 
imniiniinHiiiuKiiniiiiiiiuiiiHHiriiimmniuiMnMunMiiiniuiiHiiimimiuiiiiHiiiiiiiiiiiiiitiuiMMnMHiiiiiniiitfiiniiiiiiiiiiHiiuiui 
«MMiuHiiiiiiiiiniiN!(iniiniHKiiiii!ii  mniHnniHnwniianfliiiHimiiKuiiniiiiiiiiiiH  iiininniiiiMMiaiiuiimiiimiiiiiiiiniiiiiiiiiiiiui 

^■■■■■■imiinimimui«immniiiniiniit;?ii[iiiBmaMBimiiinmnmiiniimiimniiiii  iiiiiiniiiiiiHmaiiiiininiiiiiiuiiiniiiiiiimiiiiii 


SS«S!iSB!S555S 


" """■tliMi  ui.l  !im 


■nlinalnmn'uuInaainnaiiSnainniRi  .i 

■ ■■■■■  Mill  ■ 


MflaiflafliaaniiiiniiuiB 


bbbbbbbbbbi  aaaaaiaua  ■■ 

■ BiUMa  bbbbiiimiiiiii  bb 

■ BBBBaaanaa  BiBiinm  bb 


■■  Buiimi 

inamaaiiii 

aanumiii 


INIBMII 

■■■■Mill 


■^nmai 


■mHIUIUIIIHMIlNIIIIIUIIIIfUIIIIITmiWUI 


■■■■aiiiiiiiiiaB 

■■n  mu  iiuiaa 


:EKtsi  issisHiisBiE 


■■■■■■I  ■■■»  ■IBIIIII 11  MIUtNII  BUI 

unranauBiBBumiinauiaiiiBHi 

■KiaiiiHiiBiiiiui  ■■■■■■■■■■■•■■ 


■nuiaioiannniinniiinmu  iinmnia 
ubbbb  itniranBBBM  BBiiatnimaiiiiMi  mm 
bbbbi  iiiaiiim  bbbbb  bwbiiiiiijiouimhiiiiij| 
auimniiiiHBaBannmnniiuiiiiiuimul 

^mnniHmiuiiiiiimuiiiiiinna 

SSIralSSnMUijfnM 

i<nu 


iiuauiuiitma 


■uinmniiKiiiiimnmmuiMB 


iHiunn  intHini  imi  ■ 

■a«iiiii|U||||U||aaag|| 


iiiiiiiuiiiiiiiiiiiiiiiiuiiiitifiittiiB 


Minmuimiiini  iu'  ibiHHHHHPB 
■■■MWBMmmimniwiiiMiiHMMiiiBtimiB 

MUMjRunnntiuuifinu^uMHniaiiiainliiniiil 
aaaaiawuiuii—igaaaaBiH— nuiamumi 
■MpvaaiBNiHiiaiiiiJUBnakBiiiiifiii  miraumi 


llllllUlltliimilfllH 
■RiiinuiniitfiiiiHiiiu 


■nrnwHiiUHfimnim  ■■■  ■ uiii  mi 

HMgninuiiiiintucuiiiiiMiiaMj 

iKniiiHiiimiuiiiiiiimiiin  mmimiiin 
imiiiKiiiniiiiiiiHiiiiiiiiiiiiHMM 

■aiiiiiiiiiiinniimiiiiiimii 

luimimiHiHiiiiiHiiiuiii 


lit 


■■■■BHunininiiuiiuiuiaii  ni 


iinjjjjjij! 


■UIHII 

IIIIIIII 


BBlUIllI  * HI  Sill!  .«!!(!!(  BBI 

iiuiuiiiiniiiHiiHkimiiiii  timnmw 
liHBuiininininHiiiinHniuiuHNU 


^^m^^MBauaBiimnuiuinKmi  iMP 

■■Hiiiiiiiiiiiii!iiiiiiniiiiHiiiiiiiiiiiii!iimitiinii 
■■■■■■uniimiiiiiiiiiiiiniiiiiiinimii  in  imiiiiib 
iiiiiiiiiBBHiiiiiiiiiiitiiiimiiiiiiiiiiimm  mi  hi  iihi:<i 


""V*  m!}»Sw555B5i"  K5!!n 


3 <■■■■■■■>■•■ !■■•■•■■■■!■■■ 

• ■ ■■■■■■nniiu 

■HHiiiniHimnniuniHiHm 


■■ABBaaiiiiHiHi  nmii  nuiiniimi 
JBBBaaaiimiim  mum  nniuiiiim 
mHnjjjaHMHiiiiiiaiiiimiiiiii 
^■BBHHHHBH  lulniiiHiiuniiiii 
■■■■■MMiniHmi  inn  iiiiiiiiiiiin 
■■■■■■11111111111111  mini  miimiiiui 


imaniunitHannuiuiiuHm 
naaa—ii—  bbbvi  ■■■■■  ■■■■(■■■••  m 


■ ■ ■■•■3 aaaa  a aua  *33333  S 3S  Si 


iiaBMa  ■■■■■  him  laaaiMNi  >■■■>■ 




BBflBiaauiiiiiHHiB 


MraanHMiuimniHMBimuiiNNi|iiuiiiHiia 

grananaaifliafliiiuaMHHaaflaaiii*i>iin 

)nwminmnniBiiBNiiiiiBiHniHniiiiniiB 
■■■■■■■■uiiii  iihiiun  ■■■■iMtinaiimm  tuna 


|MMuuNmmuiBifiHgiiiiniiin|HiiiRiiauiiiiagiiiiii 
1— — ■■■■■■—■  aMimirnSniuaamiiimiauii 


■ BaanBUIIIMMINHBBBI 

■ BBBBBBBB  HIBBBIIUHBBB 
a bbbbb  bbbbi  uiiiiuiiBBn 

■■■BBaiBHIlimmilBl 
■BMUIBHa||||BMi|l*| 


■ ■■HIHtl  IIHI  lllfl' 

■ ■■■■IIBMUIIIJIIIII 

■■■■■■■iBiiimiiKuiiiin 
■■■•■inn 


uni  iiiii 

■ ■■■amBuuiMiiiuiiaraaraiflBBflfliaaaiiMiiiiiiiiimflHtMai 

BHHi  ■■■■■■« liiaiSii  ibui  ■■■■■■■■■■  mai  nan  nmiuu  ran: 
■■■■■■  ■UMaiiiunaaiuiiaaranaBiiiniiiiniiiiiiiMiiiHH 


[■■bbbSbiibmI  BBBBB  l| 
Unaiiaaiicin  ■mhmhh 

^^m^aiiuiiiiiiiBiflaaiHHMi 


■■■Miiianmniiiiiuimiaumiiiii  mu  iiiii  i 


■aUHiiiui  ■»:*!  nan  bbbbb  bHMI 

■■■■■■■■naiiiiHi£:«uaiaiaiaiiii«ii 

■§9i!iHHiiiuHiiaaMaMUHHMaaai 


■■■■■  ■■■■■  •■■■■■•III  ■■HIM 
■■■■■■■■•  *»■■■  iiuiiiHiiiiua 
■■■■  ■■■>■■■■■•  Mill  ■■ 


■ ■nimiir 


■ aaaaa  bbuhuub 


■ra—aBtjMaMManraaaaaaagMat»M»iaaaaaai|aaaaaaaiBaauiiii  iimunnai 
■nmaBMuuaHaNaanaaaianainiaBHaaaifiliaaBanauiiiiii  umaanraai 


aaairaaamHi»immiiiiiaMiiamniim 


i ubmbwm  ; 

ImmMMuunaaa 


07  i 


aaaiaiiiilMiiuiiiiaaaiiiiiiiHniiiiiilB 



araaaai 

nn 

mi 

Ommlmnnin  tn 
n iiiiiiiiiiiin  in  mm 
ii  iiiiiiiiiiiin  in  i in 
■iiiiimiiiiii  iim 


■BBaniHiimiiuiii  ■■■  ■■ iiiii  iiiimiiiiiii 

IBBBIHMII1IIHIIIIII  III  ■■■UIUIIIIIIIIIIII 

iBBBBBiiiunnnuiniiiiiiniiiiitiiiiiiiiiii 
UnaBBBHaaaaiiimnninj!  aammimii  mn 

■naaaaaaaaaiiiiiiiiiiiiuMMMMami 

Jbbmiiihiiiiiiiiiiiiiii 

[■■■■■immiimiiiiHii 


■■■■nntmniun 


■ ■■■■■■■•■■••fiat  ■■■■■mii 

■ ■■■■■■■■■niiiiiiBBBUHll 


BBBBBBBaaaiiaiiiinit  bmbbb ■■■■■■■■■■  mu 


BaaBaaaaauaiimifim 




— ■■■■■■■■■■IIIIIMIIIII 


■BBaiiiiiinmiiiinii 


■BBBBBBBa  nilllllU  III! 

■BBBflHBaaaiiiiiniiiii 
■■■■■■■■I  Illlllllll  IIII 

■■■■■uiuiimiiiiiiii 

■■■■■■11111111111111111 

gHjgUilimniiiiiim 


■■■■■  aaaa!  aaaaa  I j 

I :::::  HE:: 

■ ■BHiiinauiniJ 

■ EiaBBHiHmiiiMIB 

!!E!?5SS!1!M52555J  **JJ**J"J 


■BBBBB  ■■■■■■ 


ignuin  i 

MMMiihhii 

■naa  ■■■■■  mil  mu  uin  nnia—i— 

BBBBB IBIIIIIII  IIIII 


iiii  mil  a 
mi  mini 
iiii  nm  ■ 


■■■■■■■■lllliuillll 


■iiiii 


IIIII 


muiiHiiiuiiiiiiiiinniuuui! 


Illlllllll 


llllllllll  III  IIIII 

Illlllllll  III  IIIII 


III  IIIII 
III  mil 
UIUUH 


H BBBBB  IBIIIIIII 


B BBBBB  BBBBB  11111  ■■■■■  BBBBB  BBIBIB 
BBBBBBBBBBB  ■■niUllIBniB  IBIII  iBH 
BBBBBBBBBiiannaaaai  bbbbb  ibiii  am 


■■na»BaiMiiiiiiiiiiiiiHKaii»iim 

■HKSHHIIII11IIIIIIIIIII  ■■■■Illlllllll 

!■«■■■  ■■■■!  iiinniii  mil  ■■■■■  mn  mi 

!■■■■■■■iK-(l■illHIIIP"»U^-ll|||||||| 
UnillMMMMMinilllllllllllllllllllllllllllllllll 

niiiimuMiaiaiiiiiiiiiiiiiiiiuuiiiiiiiiiiiiiii 


Si  6.  7.  8.  9.  10 


/o 


5 6 7 8 9 1 

/oo 


WADC-TB  53-llU 


2 3 


5 6 7 8 9 1 


2 3 


■>■■■■■  ■■■■■■■'■■ml 

■■■■■■■  

It  MM*I  UUUIIII  ■■■IMIlnMin  ■ 


U— MB 
II— ■■■■■■■ 


>•■•■  ■■■■■  ■■■■■  ■¥■■■■■■•■■■ 
■ ■ ■ • i •■  ■■  ■ ■ ■ ■ hi ■■■■■•  iiiin  ii 

■■■■MMlin  ■■■■■■  ■■uuniiiniiii 
■■■■—■  «■■■■■§»■«  — ■■■■■iMiriim  a 


■■■■•  ■■■■■■■■■•  ■■ 


«■■■■■  ■ ■■■■! 


!■■•  ••■••••••>  ■■ 

I ■«••■■■■!■*■■  Ill 
!■■■  ••■■■>■<•■■■1 
!•■■  ■■■■•  «»»•■  IlM 
uinMlirl 
UBaiitiiiiiiiniirfl 
Eitmitittiiiml 


■ ■■iiMiiiiuiuniniiuniH 
■■niHiuiiuiimiiminmi 
■!■«■■■  n ■■  in  mi  uni  mu  mu  m 
■HMMMHMKi  ■■■■■  niuimi  mil  inti  tun* 
HWWMMHI  S!!iSSSiS5Sii!SSSH  mnuiiin 

Cih  ■■■■■■■■■■  ■■■■■ 


■■■■■iniiinimiiiM 


ajiniiiiii  'iiniflllHHHMIlllipHHHI 


piiBiiiH  laitimii  mu  mirl 
■■■■■■■■MiiiniiHaNHiHiiiaiinuiiniiiitifl 


■■H  ■■■■■■■■■■  m 
■ mmmmm  mmmmmMnmmim 


iiiiiiiiim 

iiimu  w 


uiHUiunMHHHiBMBaiaaaiMaBn 

UlllIHUmBlMBHHBnaiMaHI 


• ■■■■■■■•■•■(■■■■■■■■■■■■■a  ■■■■ mill  l |HM 




■nnaiat 

anmiaii 


■BuaiaaiaiiiaiiiBBBBSnHHmHVPMIIIIIIIIIIIH 

■■■■■■■■■■■■■■aai  ■■■■■■■■■■  ■naaiaiaiiniiiiuiBi 
Hiaaaiaaaat  11111  aaaaamaa  bimimmh|hmhm| 


■■■■■■■■■■■■■■■■■■■■«■ 


■BamnniiimiHiiaiiMaaiHiinniiiiiiiiuiaiiiMB 

EiiManniimimiiiiiMiHaniiiiiiiHiiiiiiniiiHi 

KaHHiHminBtmfmnauniiuiiiiiiiiiiiiiHuaaa 

■■■■■■■■uHBtiRaniiniHBBBaBaiiMiiijauiuiiiaiiiaiH 

mil  imiiiiniiiii  iiui  iiuiiiiiiiiiiiiimim 
iaaiiniiiiiiiiiiiiiiiiiiiiniiiniuiiiiiiiiimiiiitm 
■■■■■■■nmiiimiiiiiiaaaiHiiiiiiiiiiiiiiiiiiiiiiiiMi 


immuiiiiiiiiniiHiiin 
■■niiiiiiiiiiiiiiiBi 


^■■■■■"■■■■■■■■■iHiiaiuaiaaillllllllllllllRIlRIRIRI 
■■■■■aMBBaaiiaaii  aa  ai  i mat  ■■■■■■■■  ■■(■■alia  in  um  iiiiiai 
' • 'Sm  ■■■■■■■■■■■■■■■■  ■■■■mm  ■■■■■  ■■■■■  lain  inn  imitim  at 

PHaiBBBaBHaaaaiiiiiiiiiiiiiHaaiaBiiiimiiaiiiiiiiiniiiH 

■■■■aiaiai*Baaaii«iiaiaai  mu  ■■auaaan  mn  iiiiinni  mna 
^■■■■■■BBBBB«aMnmnnnBBBBBiuiimmiinnnfuiuB 
bfllHaBBBBBBBailllllllllMIIIHBRRIIIIIimilllllllllllliHIfl 

!■■■■■■  i ■■■■iiiiiiiiiiiiiiiiiaii  ■■1111111111111  iiiii  mm 
pMHHHHaHiiiiiiiiimiiiiiiiniiiiinmiiiiuuiinimia 
Kb  ■■■■■■111111111  mu  mu  ■■■iiiiiii  nm  mu  mn  mu 
KHBNaiiiiiiiiiiimiiiiiiiiiiiiiniiiuiiiiniiiuiuiia 
KHnuBiaiuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiimuiimB 
■■■■■■mmiiiiiiiiiiiiiiiiiiiimiimiii  ifiiiiiiiimg 

iniiiiKiniiiniiinmimiiiinmiiiiiiiiininntiiiii 


Maaaaaaa  iaatiiiimini.1 
■■Baaaaaaaaiiiiumiiiil 

HMM*  lull  mu  urn  I 


— ■BBaaaBBBiB«aamHM»iiawBMBUimimuinnimi 
—■■■■■■  innaaBi  miiiiinBBBBBaBaafmii  mu  mu  mic 
■■■■■■■■  ■■aBBaaaaiiHiBiiiaiBBBBBaaaai  mu  nm  mu  iitu 

■■■■■■■  ■■BBBBtBIIIIHnillIBBBBBaaaMIMII Hill  HIM  mil 

■BBHaHai»iBiiiiiiEiniiniiBiiimiiimiiiiiiiiiuiiiii 
■■■■■■■  ■■■iiiiiii  uni  mil  niiimii  iiiiiihii  nm  imr 
■■■■■■■  inn  iuiiiiiiiiiiiiiiiiiiiiihiiiiiiiiiiiiii  mu 
■■■■■■■BaiiiiiiBiiiiiiiiiiiiiaiiiiiiiiniiiiiiimuiuii 
BSS5SES!5!!!nniiiiiiui|i|miiiiBiiiiiiiiiiiiiiiii!!ii 

■■nuftiiaiiiinifliiiiiimiiiiiniiiimiiiiiimiiiini 

■■■■■■■■iiiiiiiiiimiMimiiiiiiiiiiHiiiiiinnimiiff 


aantaaia  bbbbb  aaaaaBiaaawaiBnMaaaaBa  aaaaa  aaaaa  iiuia 
•BHBBHaBUBBmanaajBaaanBaBMmiaraBa  aaniiaiii  hdub 
■■■■bbbbb  annaaniaBBaM  bbbbb  bbbm  manual  imiaa 


■■MumnnRanammmiiunniKiuiiaHBiBiB 

■niiaiiuni  ■■■■■  ■■■■•■■■■■HuiiiHi  iimmBBHa 
nBllHailllllBBBflBBBBBBIBBiaunillllltlUIBBBBBmB 
IBBB  BBBBB  lit  11 IHBI  BBBBB  BBBBB  IBIBB  Hill  IITIiaBMBBBHBM 
IBM  BBBBtlllaiaiaiflHBB  BBBBB  BBBBIHUIHHI  mil  BHMMB 


■■■■■■■■mmuMMIR 
■■■BBBBB  BBBBB  BBBBI  BBBntBBI 


MWR1HR! 


:■l■lalll■IllUl>llllr■■MM■i■■ 


■■BBBBBBt  a BBB*  III  !!■■■■■  ■■■■■aBBaiBBIII  II  IIIIIII  I ■ 


■■•■■■■■■■■■iiiiiuiaa 

■Mlfl)iuniiiiiiiuiiiNi| 
BMBBBBBBB  BBBBIBIIII Hill  Hill  | 
■■Bt  BBBBB  BBBBBIBBHIIIIIIIIII  | 
■BBBBatiiaiamininiiiiiil 
Bbbbbh  BBBflaaaaai  mn  mud 
(■■■■■■■  Bill  a lltUIIHI  IIIII I 
■■  ■■■■■  ana  i inn  iiiii  mu  ■ 
■■■■lia  MMimnimi  null 


uiiumi  ■■■•■  uma 


mnaaiaaaiaiiis  sun  w 


■BBBBsaaiai  •■lainiiia 


BBBBBBMuaaiantiiniiBBB* 
■Bamiapiniiittmii  hb 

[■■ana  minimum  ■■■ 

■MHHM lOM IMBUjaM 


■ ■•BBBBBBBBaiMlIMRHBBBMBBBBBBaaaaailUUIIIIIBI 
BBB|||||||ai||atBBBBB|BBBBaBBIIaaillirnilHIIB 

UHnBBIIIIHIlIBWMa 


BBBBBBBBBIfUKai  ■ 


BBBBB  BIBII  mil  ■■BBBBBBflBliail  IIIIIIHII  lllll  ■ 

U—U|||||||||M«  ■ UB  B BB  aa  a a ■ II  iiiiuii  Iiuia 

■■■M»a||»«|iiimiin— MmmMiumiiiiiiiiiiiJ 


S^mapBBBB  bbbbi  tacai  ■■■■ 

^■ibbbiiiihiiiiiibbbb 

uHliiaaiBBiifiiniiiiiiMM 


iHiinaimiiffiiiiiiiiMnimniinininiiiiiiniiMHHBH 
■■■laMwnuiiinmii— MHiHimimiimniiui— ■- ■■! 

g!iSm|ui<mn!Si!!ISn!uu!!S!!!n!ui!!i!!!!!!SSSSS 

pfsgis  asisi  ' ' 



MBaaaawmuiHiimnaBaamimnHHUimiimiiBB—BBBBBaiaMiiiHiHiiiiniaaiHHniiiiiiHinniiniiiiMi 

■■■i  ■■■aiiiiHi||i|i,|ii|ii<.  niiiiii  mmiiiuiiiimn! 
■wHHmiiiiaiinmiiMiiiHmiiiniiiHiiBWiBMMBBiiiiiuiiiiiiiiiiusiiiiiHiiiiiniiiiniijjsiijiHiiHi 
■■■liiHimiiiiiiiniimHiniHiiiiiiHiiiiiiiiiWBiRmimiimiiiiiiiiiiiiiiiiiiiiii  iimiiiiinhiiiih 
lyiMHilVfflP'nHiininiiiHiiiHmHUwaiHiHiiiimiHiiniuniiiiniHiHiiiiiiHiiiiuniiiui 


■■•■■■■■■■  ■■■■■■■•■•  ■■■■■uniiaiuiiiiinnil 


■■■■■nMnniinBB 

bbH  !■!■!  JTtTTI 

■■uiniiiiiiiuiiinu 
BBBBB  BBBBB  IBVII  HIM  llllil 
|hbbiibiiiibiiiiuiiiii 
ImBRI  mbii  iiiii  iiiii  iiiRI 
humllllii  mu mill 


■BBMMiaMai  lllll  till)  lllll 


■■■■■■■■■uaiiiiuiniiaaaiiaanMiMiiimitiiiinii! 


■■■■■■■mm  1111111111  iHiuiiaumiininoiiiiiiiMMnHHH 

■=■■■■;;;= 

■BI.III.I.HIIIIMIIIIIIlinmillHIlinilllllllllllHHHj 


■nniiu  i nm  jHiimnninni 

w iKaasi  •Hiiiin|,i|111  isiiiiiiiiiiiiiiiBI 


BgiBBagmiHiiHiMiHiiiiamimiiHHiiiiiiiiiiiMiil 
Mgaaai  mill  ^ihuhiiiiiiiiiiiiiiiuiiiiiiiI 

SSSsmSSSiiilRHiiiililiSSiiSKiiBiRKIIIS 

laanniimiiRailiimiiiiiiiiiiiiiiniiiiiiiiaHi 


IBUBiBMiaiaaunttB 


■■■■■■■■■■■■a'  

■■■■■■■■■»»«■•■  ■•••! 


IBBBMga 

IB  BBBBI  I 


ggggg““R;;i;»»HiaaM«f5SSS5555S5*"MM!S!S»Ii!!!! 

arBiiiaaii  ■■■«■■■«  mw  umj 

^^^^^^^ZBMBBBHSBHBBaHBBaSSSSSaSS^^SSSSSSSSSS&SUUUlUIBKHUtt^AMU*"""**11***  "’"’'"‘T 


HH5555b!Si  inn  mS!!i!i! !!!!!  dH] 

MBk.!RflBBBBBBIBIBaMmaiBBBB«BaBflflB«aiaifiniSHIIBSS5S 
MHaillllUMII  BBBBI  BBBBI  111  ■•(!!■  I lllll  H II I BBM  IBB  BB  ■ 

■>»■"■•«'«(  nm  ■■■■■■■■■!  laaaiiiiaiiiiniiniMHBHB 
■■  nuiiiui  >7*u  ■■■■■■■■■■  miamiiiiiu  mu  ■■■■ 
■■iiiiimiimii^in  mu  mamin  um  mu  ■■■■ 
uiiaiiimaiuiiMh^'uiiiauiainBiiiiiiiuiiHHiBi 


■ ■■■■■■■■•  Man  J ummi 

■MIHaiaaHHHBBBBB  IBBBIIIBII IIUI  lllll  lllll : 

■—■BBB  j !1  jgj nail  ■■■■■bbbbb  BBBBtaaaai  nm  mil  i 


■■■■■■■■BaaBaaaniai  ■■■■■  ■■■■■inn  tiiniiurticiH 
■■■atfeauaa  aaaaanui  aiiaa  ■■■■■  aaiai  nm  iiui  tun  ■ 
■■iiaaian nii  nm ■■■■■■■■■■auaatiaHiiuiiuii ■ 


■■■■■  ■■■■imia  aaaaa  iiui  m 


■■■■■■■BuanaaiaaaaaitainMBBBBBBBiainiaiiiiiiiiiiiA 
■■■■■■■■■■■a  iiinniuiMaiuni  ami  mn  iiuiniu  I 
■■naHuaHianiainmniiiiHiiiiimiiiiiunml 

■■»■■■■■■■■  imimniMM  ■■■■■■■■■■  mm ml 

■■■■■■■■■■■■aaaaanaif— a— annul  mu  H 


ss»  zzs 


■ ■■■■■■■■■I 


IBB  BBBIB  BIB BIIBI1B  Mill  B 


■uiuim  iitit  nina 


■■■■■  lUnniBI  BBBBBB 


■■■  ■■■■■■  ■■■■■!  aaaaa  iiiiiuiii  ■ 



£■■  ■■■■■aaaaa  nan  minimal 


■ mtmmmmmmmmrn.  — ninmii  1 

■ ■■■■■■■■■BiBBBBi«..:-'iaRBinaiBainBimiiiul  ■Hill 

■ ■■■■aaBBBiaiiiiiiuiBBBl>^!T*«Bi  iiHiiniiiiiii  imr  BH 

■ ■■■■■■■■■aaBaaaiaiaiauaBBBBB»^:;>«taai||||||SiiiBMi 

■ ■■■■■■■■■■  ■■■aaanaiBMMMBBaaiMiii“':;>BiiiiuiSi 

■ ■■■■■■■■■■  ■■■■■«■■■!■■■■■  ■■■aaimmm  irtm...:  j- 


■ ■■■■■■■■»•  Mnunnii 


■ liKiniiia 


[■  ■■MIIBBII  lllll  ■■■■■■■■■aaia at  mil  mil  ihiimi 

■HHianBiaiiaaiaiiiKuaiauBniBianmiiiiiit  imam 
(■■■■amaHiaaiiaaiaMiBnaamasuMUBaaimiiiiiiiami 


■■■bubsbb 


,!Bni iiniB*BMBBMB««««BBBBBBiiMaiMiiiii«iBBBBBiMiaiaainiiiiiiiii  iiui  Si 

ISS9!!!!i!!!!!!B|i|  'mi  ■■■*■■■■■»  nm  mu  mn  um  mhmm  ■■■■amaiiiiii  ill■llllIl■■■■Bl■■■l  iiiiiihii  iiiiiihii  hi 

9Kan!!!!!!!H!SK!!!HK!!!!!!!!m!l,,l,y,!!!,KSSIBBBBBBBaaaaiaaial,,l,,lm,,aaaaal ii  m b^b 

SunaiiiiminimiuRRaiiinitiiHiniiiiaiiiiHiMBUBBBHHaRiii  iiiii  iiiiriHiiiHimiaiimiiiiiiiiiii 

lggggl*HMMHi|!j‘;''gay»ninniiiinniiiiniiiiiwwBBBBBaaaaaaai«ininiiiiiiiiaaaMiiiiiiiiiiiiiiii!!!i 

SHlH££aU&!  ■■■■■■■■■■■■■■«w«iiiiiiiiiiiiiBBimiiiiiiiiiiii  Mj 

iBiniHimiiiiiiiiaaMiHiMiimiiiiiimiiii  ■^■■■■■■■aBBiaiiiiiuiiiiiiiiiiiiiiaaiiiiiiiiiiiuii 
inaaaiimiimiiiiunaiiiiiiiiHiiiHiii  min  iimMaBBBaBaBaiiHiiiiiiiiiiiiiiiaiiaiiiiiiiiiiiinii 

laitgiuuiiiiimii|liiHi;iiiiiiiiiiiiiiiii|iiiMBBaR|iaiiiiiiiiiiiiiiiiiiiiiiiiiiiiniiiiiiiiiiii 
ix«iiiLJi!iiit3titit;iiiiiEISiiiL«M{ii;iiininiiiiwiiiiHmmniiiiiiiinminiiiiniiiniiuii 


mi 

mil 

mil 

lllll 


taaaaaaaai  ■»■■■  bbbbb  lain  itaai  iiiiiihii 
'*•*****■— ■■■■■■■■■■  aaaaaaaaaiwafB  ■■■■■aaaaiiiaitiiiiiitiu 
SSSSSSS55  f ■■■■■■  aBBafaat  ■■■■■  ■■■■»  aaaaa  naai  nm  iiui 
■■■■"■■■■'g  ■■naaaaai  ■■■■■■■■■■  iaaia  iiaai  iiiiiihii 
*■*■■■■  ■■■■»■■■■■■■■«  ■■■■■■■■■■aaiai  mn  iiihhii! 
9999S!=Z2n!!!mi!!HmiiaHaunniHiiiiiiimiiiiiii 



"■■■■■■■aaaManaaaaaai»iiiM.s=g»naaa«iiiiHiiiHiiiiiiil 



SS5!!!!aaaaaaaaal'i|l"|iiiaaaaaaaaa>miiniiii»-;»::f 

iiiiiii 

■■— ■■aaaaa»iininnimnaaii»miiniiiiniiiiiiiiiin 

■■■■■BIBBIIIMIUIIIIIIIIIlaailllUIIIHIIIIIIIIIIIIIIIII 

■■■■■IB  111111111111111111111111111111111111111111111  IIUI 

BSSSSH!S,!,,,n mi  iiiiiihii 

■■■■■■■iiuuHiiiiiiimfiiiiiiiiiiiiiiiiiimiiiiiiiiiii! 

■■■■■iiiiiiiiiiiiiimmiiiiiiiiiiiiiimiiiiiiiiiiiiiiii! 

gniBiHimiimimiiiiiiiiiHiiiiiiiimiiiiimiHiiiii 


■B! 


a ■ 


.CONFIDENTIAL 

Another  coefficient  of  interest  is  that  on  the  outside  of  the  case.  The 
type  of  coefficient  to  use  for  this  application  depends  on  the  compartment 
conditions  external  to  the  case.  These  conditions  are  not  considered  in  any 
detail  here,  so  that  a value  of  hj.  -which  is  appropriate  for  free  convection 
and  radiation  is  estimated.  An  example  of  this  is  given  in  Appendix  C to 
Section  II. 


2.  Design  B.  Air  in  Tubes.  Fuel  in  Crossflow  Over  Tubes 

The  inside  heat  transfer  coefficient  for  flow  of  air  through  the 
tubes  is  determined  by  equation  (11-13) . The  fluid  properties  should  be 
those  of  air  rather  than  fuel.  The  pressure  drop  for  air  flow  is  found 
using  an  equation  similar  to  (II-18). 

The  heat  transfer  coefficient  on  the  fuel  side  can  be  calculated  using 
the  crossflow  equation  (11-19),  except  that  the  fluid  is  now  fuel  instead  of 
air.  Similarly,  equation  ( 11-21)  is  used  to  find  the  pressure  drop.  All  of 
these  correlations  for  Design  B are  in  a form  which  permits  evaluation  of 
the  fluid  properties  at  the  mean  bulk  temperature  of  the  fluid,  since  the 
viscosity  ratio  can  be  neglected. 

The  outer  easing  heat  transfer  coefficients  are  found  by  the  same  gen- 
eral method  as  in  Design  A,  equation  ( I 1-210,  using  fuel  properties  instead 
of  air  properties. 


3*  Design  C.  Fuel  in  Tubes.  Air  in  Parallel  Flow  Over  Tubes 

For  the  fuel  inside  the  tubes,  the  heat  transfer  coefficient  is 
found  by  equation  (11-13),  and  the  pressure  drop  by  equation  (II-18). 

For  the  air  flow  parallel  to  the  outside  of  the  tubes  equation  (11-13) 
is  used  as  before,  but  it  is  necessary  to  replace  the  tube  diameter  with  an 
equivalent  diameter.  The  equivalent  diameter  for  this  purpose  is  that  which 
is  appropriate  to  the  heat  transfer  process  and  is  given  by 

d.  . ^.?.grg.eetiqn)(in.p  (n-2*) 

(wetted  perimeter  of  tubes  only)(in.)  v ' 

This  is  used  in  equation  (11-13)  in  the  farm 

K " **H  (k  Epl/3)*  (H-26) 


where  hj,  is  the  external  film  coefficient  for  flow  of  air  parallel  to  the 
outside  of  the  tubes. 


The  pressure  drop  for  air  flow  parallel  to  the  tubes  is  found  with  an 
equation  similar  to  -that  given  earlier. 

u2 

Ti. 


*p»  ■ (fix&tev* 


(11-27) 
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where  ia  the  length  of  the  air  flow  passage  parallel  to  the  tubes.  This 
equivalent  diameter  for  pressure  loss  is  defined  as 


U x net  free  cross-section 
total  wetted,  perimeter 


(11-28) 


where  the  area  and  length  values  must  be  expressed  in  in.^  and  in.,  respec- 
tively. The  friction  factor  is  found  from  a Moody  chart,  using  a Reynolds 
number  based  on  this  same  dgp.  It  is  not  possible  to  make  as  accurate  a de- 
termination of  entrance  and  exit  losses  here  as  in  the  case  of  straight 
tubes.  As  an  estimate  1.5  is  used  to  allow  for  entrance,  exit,  and  turning 
effects. 


The  heat  transfer  coefficients  far  the  outer  casing  require  no  special 
treatment  in  Design  C,  since  they  may  be  found  by  the  same  method  as  in  De- 
sign A. 


ll.  Design  D.  Fuel  in  Tubes,  Air  in  Crossflow  Over  Tubes.  Tubes 
fflaltened  and  Finned  on"  the  Air  $lde 

The  heat  transfer  coefficient  far  fuel  flow  inside  m flattened 
tube  may  be  approximated  with  a standard  equation  of  the  form  (Ref.  II-5, 
p.  165) 

- 0.023  Jr-  (Re)0,8  (Er)1/3  (11-29) 

which  is  suitable  for  Re  > 10,000.  The  equivalent  diameter  is  defined  as 

„ _ (U  x cross  sectional  area)(ft*)  /TT  ^ 

D®  " Twelted  'p^Imeter ) (ft ) 

where  the  cross  sectional  area  and  perimeter  refer  to  values  on  the  inside 
of  the  flattened  tube.  The  Reynolds  number  should  also  be  based  on  this 
equivalent  diameter,  being  defined  as 

~yuD_ 

Re  - -yr  (II-31) 

The  pressure  drop  for  flow  of  the  fuel  may  be  found  as  in  Design  A,  by 
equation  (11-18)  using  the  equivalent  diameter  of  the  flattened  tube  in  place 
of  the  diameter  of  the  round  tube,  both  in  the  pressure  drop  equation  and  in 
finding  the  friction  factor. 

The  heat  transfer  coefficient  for  the  air  side  may  be  found  from  data 
(Ref.  II-8)  giving  a plot  of  (ho/0Cp)(Pr)2/3  versus  the  Reynolds  number  based 
on  an  equivalent  diameter,  for  crossflow  over  a finned-tube  surface.  After 
determining  the  Reynolds  number  and  the  fluid  properties,  the  heat  transfer 
coefficient  is  computed  directly  from  the  plot.  Friction  factor  data  are 
also  available  (Ref.  U-8)  which  can  be  used  to  calculate  the  pressure  drop 
far  air  flow,  using  the  Darcy  equation.  The  data  as  presented,  are  actually 
Fanning  friction  factors,  however,  and  must  be  multiplied  by  four  before 
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using  them  in  the  Darcy  equation.  The  entrance  and  exit  losses  are  neg- 
lected for  this  beat  exchanger  core,  as  they  would  probably  not  be  signifi- 
cant compared,  to  the  pressure  loss  in  the  core  itself. 

The  heat  transfer  coefficient  for  flow  of  air  over  the  inner  surface  of 
the  outer  casing  is  taken  as  equal  to  that  for  crossflow  over  the  flattened, 
finned  tubes.  The  fins  are  assumed  to  extend  nearly  to  the  outer  casing,  so 
that  the  flow  situation  is  approximately  the  same  in  both  cases. 


5*  Design  E.  Fuel  in  Tubes  3 Air  in  Crossflow  Over  Tubes 

The  basic  equations  describing  heat  transfer  and  pressure  drop  in 
this  case  are  the  same  as  for  Design  A.  The  two  designs  differ  only  in  de- 
tails of  arrangement  which  do  not  affect  these  basic  relationships  except 
in  their  application.  An  example  of  applying  the  basic  relationships  is 
given  in  Appendix  C to  Section  H. 


APPENDIX  C TO  SECTION  II 

Evaluation  Procedures  for  Heat  Exchanger  Cores 

In  the  following,  evaluation  procedures  for  Designs  A,  B,  and  C are 
given  as  examples  of  calculaHons  necessary  to  determine  the  temperature  dif- 
ference (tal-tfl)  for  a given  case  of  specified  cooling  capacity. 

1»  Interpretation  of  Calculation  Items  in  Procedure  for  Design  A 

Certain  items  given  in  the  following  procedure  for  Design  A are 
here  explained  for  purposes  of  clarification.  Similar  considerations  are 
employed  in  establishing  the  other  calculation  procedures  given  for  Designs 
B and  C.  The  items  of  corresponding  numbers  in  the  procedure  for  Design  A 
are  explained  below. 

(2)  The  diameter  of  the  inside  shell  Dj_  is  determined  by  allowing  for 
one-half  transverse  pitch  from  each  shell  (inner  and  outer)  to  the  center- 
line  of  the  nearest  tube. 

(U)  The  minimum  free  flow  area  Aa  through  the  annular  space  outside  of 
the  tubes  is  the  difference  between  the  gross  annular  area  and  the  pro- 
jected area  of  the  fuel  coils. 

(5)  The  length  of  the  exchanger  core  x allows  for  an  entrance  and  exit 
port  at  each  end  of  the  cylinder,  equal  in  cross-section  to  the  minimum  free 
flow  area  within  the  exchanger  (Aa) . 

(7)  The  number  of  times  N the  fuel  spirals  around  the  shell  before 
entering  the  discharge  header  depends  on  the  number  of  parallel  fuel  paths 
n* , the  number  of  rows  r and  the  longitudinal  coil  spacing  pjd^. 

(8)  The  heat  transfer  area  Aq  is  based  on  the  outside  surface  area  of 
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the  tubes,  neglecting  the  effect  of  the  helical  winding  on  the  length  of  the 
tabes. 

(9)  The  area  far  heat  transfer  to  the  casing  from  its  surroundings  A* 
is  based  on  the  assumption  that  no  heat  is  transferred  through  the  ends  of 
the  cylinder. 

(11)  The  assumption  that  t^  is  5°F  greater  than  t^  is  usually  satis- 
factory. 

(15)  The  length-to-dimeter  ratio  of  the  fuel  tubes  may  be  required  to 
find  h^  if  the  flow  of  fuel  is  in  the  laminar  or  transition  regions.  It  is 
also  required  to  find  the  fuel  pressure  drop. 

(16)  and  (17)  The  heat  transfer  coefficient  is  based  on  equation 
(11-13).  Figure  11-20  is  used  to  obtain  jg,  4111(1  fluid  properties  are  evalu- 
ated at  the  mean  bulk  temperature  of  the  fuel  from  Figure  11-21. 

(19)  The  pressure  drop  of  the  fuel  APj , is  calculated  from  equation 
(11-18),  transformed  by  substitution  of  known  variables  and  combination  of 
constants. 

(20)  The  power  qjjj  required  to  pump  the  fuel  is  given  in  watts.  The 
motor  and  pump  efficiencies  are  50  percent  each,  and  a standard  fuel  density 
of  U6.1i  Ib/ft^  (about  150°F  temperature)  is  used. 

(22)  The  first  assumption  of  t^  may  be  made  by  estimating  the  heat 
given  up  by  the  air  as  1.2qc,  the  value  of  U0  between  10  and  30,  and  the 
mean  fuel  temperature  about  5°F  above  tfi«  Then  by  approximation,  tan  ■ 

[ ( 3.Ul3xl.2qc)/A0U0]*tfl+5 . 

(26)  and  (27)  The  heat  transfer  coefficient  h„  for  air  in  crossflow 
over  the  tubes  is  calculated  from  equation  (11-19). 

(28)  The  over-all  heat  transfer  coefficient  U0  from  the  fuel  to  the  air 
is  calculated  from  equation  (II-9). 

(29)  and  (30)  The  coefficient  for  forced  convection  iu  over  the  inside 
surface  of  the  outer  shell  is  computed  using  equation  (II-2U),  where  the 
group  of  physical  properties  of  air  are  given  as  function  of  the  air  tem- 
perature in  Figure  II-21*.  These  properties  should  actually  be  taken  at  the 
mean  film  temperature,  requiring  an  estimate  of  the  outer  shell  temperature . 
From  the  environmental  conditions  it  must  be  estimated  whether  the  shell 
temperature  would  be  greatly  different  from  t-^.  The  accuracy  of  the  as- 
sumption made  in  item  (29)  has  little  bearing  on  the  accuracy  of  q^  and 
(tex~tfi)  subsequently  computed. 

(31)  The  surface  coefficient  on  the  outside  of  the  equipment  case  h* 
is  taken  as  the  stun  of  the  radiation  and  convection  coefficients  at  the  sur- 
face. This  is  used  together  with  a characteristic  temperature  for  the  sur- 
roundings to  estimate  the  external  heat  load  to  the  cooled  equipment  case. 
Methods  for  calculating  free  convection  and  radiation  heat  transfer  coeffi- 
cients are  given  in  Section  V.  If  several  cores  are  to  be  compared  in  per- 
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formance,  they  can  be  analyzed  on  the  basis  of  some  reasonable  estimated 
values  of  ts  and  hg. 

(32)  The  over-all  coefficient  of  heat  transfer  U2  from  the  surroundings 
to  thB  air  in  the  cooled  equipment  case  is  calculated  from  equation  (II-l*). 

(33)  The  external  heat  gain,  in  Btu/hr,  is  given  by  equation  (XI-3)» 

( 3U)  The  equivalent  diameter  for  purposes  of  calculating  the  air  pres- 
sure loss  through  the  row  or  rows  of  tubes  is  calculated  from  equation 
(11-22). 


(35)  The  Reynolds  number  for  the  air  flow  is  based  on  the  equivalent 
diameter  and  equation  (11-23) • 

(36)  The  weight  density  7 a of  the  air  is  calculated  from  the  perfect 
gas  law,  where  the  mean  bulk  temperature  and  pressure  are  used,  since  this 
density  is  involved  in  calculating  the  pressure  loss  across  the  heat  ex- 
changer core. 

(37)  and  (38)  The  pressure  drop  of  the  air  in  crossflow  over  the  tubes 
is  calculated  from  equation  (11-21).  The  value  of  0 is  taken  from  Figure 
11-25  and  the  pressure  drop  APa  is  in  inches  of  water. 

(39)  The  power  required  for  the  air  circulation  qjjo  is  given  in  watts. 
The  motor  and  fan  are  each  assumed  to  be  50  percent  efficient®  The  power  is 
evaluated  at  the  air  density  corresponding  to  tal  (because  of  the  position 
of  the  fan).  The  value  of  tgi  is  the  last  item  calculated  in  the  procedure, 
and  must  be  estimated  here,  however,  a few  degrees  variation  in  ta^  does 
not  affect  qjfe  appreciably.  The  estimate  may  be  based  on  tbeassumed  value 
for  taw,+  ta/2,  the  latter  being  approximated  by  IQcIq/Wq  (see  item  1*5). 

(1*0)  It  is  assumed  that  the  same  motor  drives  the  fan  for  the  air  and 
the  fuel  pump.  Therefore,  the  total  motor  power  requirement  is  qjj  ■ qjjf+qMa* 

(1*1)  The  total  heat  added  to  the  fuel,  in  Btu/hr,  is  given  by  equation 

(11— 5). 

(1*2)  The  logarithmic  mean  temperature  difference  required  to  transfer 
the  heat  added  to  the  air  through  the  coil  surfaces  to  the  fuel  is  determined 
from  equation  (II-7). 


(1*5)  The  air  temperature  rise  A ta  through  the  equipment  and  fan  is 
found  from  equation  (II-6),  using  Cp  • 0.2i*. 

(1*6)  and  (1*7)  By  definition,  the  logarithmic  mean  temperature  difference 
is 


®lm 


(©a  - ©b) 


If  a counterflow  arrangement  is  used,  ©a  « (t^-t^)  and  % ■ (t^-tfi) 
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or 


letting 


®lm  ‘ 
®la 


( Hl“*f2  ) ~ ( i) 


l0Se( 


(ta2"tf1^+ta1"tal ) 


loge( 


( Ata~  Atf) 

Ata 


) 


(Ata)Y  — &tf 
T__^ 


(U8)  This  last  item,  the  arithmetic  mean  air  temperature  t^  in  the 
heat  exchanger,  is  used  to  check  the  accuracy  of  the  assumed  value  of  tflm  in 
item  (22).  The  procedure  must  be  repeated  from  item  (22)  on  until  good  agree- 
ment is  achieved,  i.e.,  at  least  vd-thin  30°F  of  the  value  for  t^  assumed  in 
item  (22). 


2.  Procedure  for  Design  A 
1.  Given  data* 

Exchanger  dimensions 


Operating  conditions 


D0 

d+.< 

L 

Pr.  P„ 

r 

Pt  WA 

nf 

2,  Calculate 

Di  • Do  - ^2r  Pt  dtoV12 

3.  Calculate 

Ajj  - 0.78 $ (D*  - d|) 

k.  Calculate  Aa  . »(^)(L^) 
5.  Calculate  x - 12  (i- 

r57TDl) 

6*  Calculate  Vg  * lJUU  A^  x 
T.  Calculate  N - — 2L___ 

'Ho  ?L  n 


btl 
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8. 


9. 


10. 

11. 

12. 

13. 


Hi. 


15. 

16. 

17. 

18. 

19. 


20. 


21. 


22. 

23. 

2U. 

25. 

26. 

27. 


Calculate  Ac  - 
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0.U11  xr  (Do+Di) 

j- 


Calculate  Aj  - nD0  L 

O^Cd^n* 


Calculate  Af 
Assume  tfm 


tet 


Find  at  assumed  t^  from  Figure  11-21. 

Find  (k  Er^/ 3)^  at  assumed  from  Figure  11-21. 

Calculate  Ref  ■ — — 

1 12 /‘■f  Af 

Calculate  « (^~)(  “V2) 

Find  jg  at  Re^  and  (x^/cL^)  from  Figure  11-20 . 
Calculate  (l2/dt±)(k 

Find  f at  Re*  from  Figure  11-22 . 

Calculate  APf  - 1.80Dao“13  (Wf/A*)2  [(fXf/dti)+0.75j 

_ _ , . Vf  a 

Calculate  ■ ■ 

Calculate  (Wg/Ag) . 


Assume  t. 


'am* 


Find  ^u. for  assumed  t?n,  from  Figure  II-2I4. 


-V3i 


Find  (k  Prx' J)  for  assumed  tam  from  Figure  II-2lt. 
d+o  Wa 

Calculate  Re  ■ — j- 


Find  jjj  for  in-line  tubes  at  Re  from  Figure  11-23. 
Calculate  b©  - jH  (12/d^Kk  Er1/3) 
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II  Mi 


28.  Calculate  Ur 


jl  . -lo 


V pp^/ 3 ^ ’fcnm 

29.  Find  fi-tr-  at  an  assumed  5 from  Figure  U-2U* 

/XT* 

30.  Calculate  ^ ) 

31 . Calculate  or  assume  h^. 

32.  Calculate  U*  • -j — - — j- 

33  • Calculate  q©  m ( t^— t^w) 

^to  ^7^5  “ 1 

3U.  Calculate  dep  » 

1 + — 

L n r J 

don 

35.  Calculate  Rep  ■ 


36.  Calculate  >a  ■ 


Pa  lltli 


37.  Find  0 at  Rep  from  Figure  11-25* 

38.  Calculate  fit,  - — zr(ir\  ( tTJT nT 

2.17110s1  W'  v >'a(dep)0'6(Pt)(dtO)0'“  ' 

39.  Calculate  ) 

U0.  Calculate  qjj  - q^  + 

III.  Calculate  - q©  ♦ 3*413  (q©  + qjj) 

io  r*  1 ix  ‘If  ” 3*^13  ( l/2qnf ) 

U2.  Calculate  ©^ja  " T7 — T ~ — 

uo  Ao 

43*  Calculate  Cf  » 0.44  + 0 .066  (tf^/100)  far  JF-3  fuel. 


WADC-TR  53-114 


111*.  Calculate  Atf  * (q^/cf  Iff) 

t „ . _ . 1U.2  (qc  + qjja  + l/2qjjf  ) 

45.  Calculate  At«  ■ = - 

"a 


f^er^ f j 


1*6.  Calculate  T ■ e 

Ata  1 ■ /\tj 

U7.  Calculate  (tai-tfi)  ■ j~Z  ^ '" 


48.  Calculate  tam  “ tfl  + (■fcaT“'tfl)  - 1/2  (Ata) 

If  item  (1*8)  is  within  30^F  of  item  (22),  (tal“*fl)  irou^  change 
less  than  one  percent  by  recomputing  from  item  (23)  on. 


3.  Procedure  for  Design  B 

1.  Given  data: 

Exchanger  dimensions: 


Operating  conditions: 


2.  Calculate  (see  Design  A) 

3.  Calculate  Aq  (see  Design  A) 

, 18.86  r (D0-*Di) 

1*.  Calculate  n - — — 

PL^o 

(d+i)^n 

5.  Calculate  A*  ■ ^ ■— rifi' — 

f *a 

6.  Calculate  x ■ 12  (L  - 6^8^ 

7.  Calculate  Vg  - 11*1*.  An  x 

„ n d+o  nx 

8.  Calculate  Aq  • — " 

9.  Calculate  A^.  (see  Design  A) 

10.  Calculate  kf  - 
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Assume  *fk  ( see  explanation  item  11,  Design  A) 
Find  at  assumed  tfm  from  Figure  11-21. 

Find  (k  at  assumed  t^  from  Figure  11-21. 

dU^  Wf 

Calculate  Re*  » -*rr- — =- 

Find  jg  at  Re^  far  in-line  tubes  from  Figure  11-23. 
Calculate  hQ  « jH  (12/d^0)(k  Pr^3)f 


Calculate  d^p 


18U  An-n(d t0Y 
l2(Drt4D,  )+n  <L 


Calculate  Refn  - 

F Ho 

Find  0 at  Re^p  from  Figure  11-25. 

Calculate  Lf  - ( V2)(Di-*D0)N 

1 0 LfCWf/Af^Cp!,)0*6 


Calculate  APf  ■ 


2.33O011  (dcfp)°*6(pt)(dto)0' 


_ 1 ff  APf 

Calculate  qjff  « . 

Calculate  (¥a/Aa) 

Calculate  (x/d^) 

Assume  tnw  (see  explanation  far  item  22,  Design  A) 

Find  jx  at  tj^  from  Figure  11-21;. 

Find  (k  Er1/3)  at  tnm  from  Figure  11-21;. 

Calculate  Re  ■ 

Find  jg  at  Re  and  (x/d^j)  from  Figure  11-20. 

Calculate  - jgCl^/d^Kk  Fr1/3) 

Calculate  UQ  (see  item  28,  Design  A) 

Find  (k  'Pr1^3)f  and  at  an  assumed  (iaheU+^fm)/2  from 
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33. 


3k. 

35. 

36. 

37. 

38. 

39. 

Uo. 

111. 

1|2. 

i»3. 

lili. 

I»5. 
U6. 
1*7. 
kS. 
h9 . 
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Figure  H-21.  (See  explanation  for  item  29,  Design  A.) 
Calculate  h-  - .P.^8.  A°*8  (k  ^1/3) 

Calculate  or  assume  h^. 

Calculate  D*  (see  item  32,  Design  A) 

Calculate  q«  - U*  A*  (tg-tfa) 

Find  f,  at  Re  from  item  28,  from  Figure  11-22. 

Calculate  >a  (see  item  36,  Design  A) 

2a3^  (£)(£♦«) 

Calculate  qnr„  (see  item  39,  Design  A) 

Calculate  Qy  (see  item  1;0,  Design  A) 

Calculate  (see  item  Ul,  Design  A) 
delate  . y^.-3-to3(VZqii j) 

Calculate  cj  (see  item  U3,  Design  A) 

Calculate  Atj  (see  item  14;,  Design  A) 

Calculate  Ata  (see  item  U5,  Design  A) 

Calculate  T (see  item  46,  Design  A) 

Calculate  (t^-tf-f ) (see  item  47,  Design  A) 

Calculate  tBTn  (see  item  48,  Design  A) 

If  item  (1,9)  is  within  30°F  of  item  (25),  (tai-tfi)  would  change 
less  than  ore  percent  by  recomputing  from  item  (26)  on. 
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a 

i 


2. 

3. 

а. 

5. 

б. 

7. 

8. 

9. 

ID. 

11. 

12. 

13. 

ia. 

15. 

16. 

17. 

18. 

19. 

20. 
21. 
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Procedure  for  Design  C 
Given  data* 


Exchanger  dimensions* 

Operating 

conditions* 

d+i  _ 

Vi 

Pa 

t. 

r Ft 

"a 

wt 

dto 

Calculate  D^ 
Calculate  A^ 
Calculate  n 

Calculate  Aa 


N 

(see  Design  A) 
(see  Design  A) 
(see  Design  B) 

. , . (dto>2n 

'*»'E  “Tnr 


Calculate  x (see  item  5,  Design  A) 

Calculate  Vg  (see  Design  B) 

Calculate  Aq  (see  Design  B) 

Calculate  Ax  (see  Design  A) 


. . , . , 0.785  ^dti)2 

Calculate  A%  ■ — 

Assume  t^  (see  explanation  item  11,  Design  A) 
Find  /J-f  at  assumed  t^  from  Figure  11-21. 

Find  (k  at  assumed  tfm  from  Figure  11-21. 

Calculate  Re^  (see  Design  A) 

Calculate  (121/d^i) 


Find  jjj  far  Re^  from  Figure  11-20. 
Calculate  (see  Design  A) 

Find  f at  R»f  from  Figure  11-22 . 
Calculate  APf  (see  Design  A) 

Calculate  (see  Design  A) 

Calculate  (ig/A*) 
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22. 

23. 

21*. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 
3U. 

35. 

36. 

37. 

38. 

39. 
l*o. 
ia. 
1*2. 
1*3. 

u*. 
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18U  la 

Calculate  d,h  - 

Assume  tu  (see  explanation  item  22,  Design  A) 

Find  >*■  for  assumed  tam  from  Figure  H-24. 

Find  (k  Pr^)  for  assumed  t^  tram  Figure  XI-24* 

Calculate 

cL>,  If. 

Calculate  Re  ■ 

Find  jH  at  Re  from  Figure  11-20. 

Calculate  hQ  - jH  (12/d^Xk  Pr1^3) 

Calculate  U0  (see  item  28,  Design  A) 

Find  (k  Er^3)/^*®  at  an  assumed  ( ^shell+tam} '/2  from  Figure 
II-2li.  (See  explanation  for  item  29,  Design  k) 

Calculate  ^ (see  item  30,  Design  A) 

Calculate  or  as  stone  hg. 

Calculate  % (see  item  32,  Design  A) 

Calculate  q^  (see  item  33,  Design  A) 

181*  la 

Calculate  d*p  - 
Calculate  Re-  • 

P 4eh 

Find  f at  Rep  from  Figure  11-22. 

Calculate  y a ( see  item  36,  Design  A) 

Calculate  APa  (see  item  39,  Design  B) 

Calculate  q^  (see  item  39,  Design  A) 

Calculate  qjj  (see  item  1*0,  Design  A) 

Calculate  qj  (see  item  Ul,  Design  A) 

Calculate  ®lm  (see  item  42,  Design  A) 
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1*5*  Calculate  £ta  (see  Design  A) 

1*6.  Calculate  Cf  (see  item  1*3,  Design  A) 

1*7.  Calculate  Atf  (see  item  1*1*,  Design  A) 

1*8.  Calculate  Y (see  item  1*6,  Design  A) 

1*9.  Calculate  (tgj-t^)  (see  item  1*7,  Design  A) 

50.  Calculate  t^  (see  item  1*8,  Design  A) 

If  item  (50)  is  within  30°F  of  item  (23),  (tai-tfi ) would  change 
less  than  one  percent  by  recomputing  from  item  ( 2u)  on. 
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SECTION  in 

A GENERAL  SYSTEM  FCR  THE  DETERMINATION  OF  TEMPERATURE-TOTE 
DISTRIBUTIONS  IN  AN  AIRBORNE  EQUIPMENT 
COMPARTMENT  AT  HIGH  FLIGHT  SPEED 


By  S.  M.  Marco 


The  determination  of  the  tempera  tore  of  the  components  within  an  air- 
borne equipment  compartment  at  any  time  during  a flight  is  of  importance  if 
the  necessity  far  and  effectiveness  of  cooling  means  is  to  be  evaluated*  A 
general  method  far  the  determination  of  the  temperature-time  curves  far  such 
equipment  would  also  he  useful  in  establishing  the  effectiveness  of  insula- 
tion or  other  heat  barriers  located  at  various  places  within  the  compart- 
ment* 


The  primary  purpose  of  this  Section  is  to  describe  a general  method 
for  the  determination  of  the  temperature-time  curves  for  the  various  pieces 
of  equipment  in  an  aircraft  compartment,  taking  into  account  in  detail  the 
characteristics  of  the  compartment.  The  method  is  intended  to  be  applicable 
mainly  to  the  determination  of  the  temperature  rise  of  one  critical  equip- 
ment box  in  the  compartment  containing  components  which  may  or  may  not  gen- 
erate heat  and  which  may  be  sensitive  to  temperature  rise. 

For  the  purpose  of  this  analysis  the  general  heat  transfer  system 
being  considered  may  be  assumed  to  consist  of  an  aircraft  compartment  con- 
taining the  critical  equipment  box  along  with  other  non-critical  components. 
It  may  be  assumed  that  at  the  beginning  of  the  flight  the  temperatures  of 
all  the  parts  of  the  system  are  known.  As  the  flight  is  started  and  the 
aircraft  is  accelerated  to  reach  supersonic  velocity,  the  compartment  wall 
is  heated  aerodynamic  ally.  At  the  same  time  the  equipment  box  may  be  gen- 
erating heat.  For  a time,  heat  may  he  flowing  into  the  system  from  both  of 
these  sources.  The  heat  generated  within  the  equipment  box  may  be  con- 
sidered constant  for  the  entire  flight  or  variable  according  to  some  prede- 
termined schedule  depending  upon  the  function  of  the  equipment  and  the 
method  of  its  operation.  The  heat  flow  from  the  skin  into  the  compartment 
will,  of  course,  depend  upon  the  magnitude  of  the  flight  speed,  the  alti- 
tude and  existing  thermal  barriers.  If  no  cooling  means  are  employed,  the 
temperatures  of  the  various  parts  of  the  heat  transfer  system  will  eventu- 
ally approach  equilibrium,  provided  the  flight  pattern  is  stabilized  at  a 
fixed  speed  and  altitude.  The  rate  of  temperature  rise  of  any  individual 
member  of  the  heat  transfer  system  at  any  time  will  depend  upon  its  thermal 
capacity,*  the  conductance**'  between  it  and  its  immediate  surroundings  and 


*Thermal  capacity  of  a body  is  the  amount  of  heat  required  to  raise  its 
temperature  one  degree. 

**The  conductance  between  -two  bodies  is  the  amount  of  heat  that  will  be 
transferred  between  them  per  unit  of  time  and  for  unit  temperature  dif- 
ference between  them. 
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the  temperature  difference  between  It  and  Its  Immediate  surroundings*  The 
use  of  insulation  on  any  part  of  the  system  or  the  use  of  cooling  means 
vlll  affect  both  the  time  rate  of  temperature  rise  at  any  tine  and  the 
equilibrium  temperature. 


SUMMARY 

A heat  transfer  system  corresponding  to  an  idealized  arrangement  of  an 
airborne  equipment  compartment  is  defined.  Features  of  thermal  insulation 
and  cooling  effects  are  included.  The  equations  describing  the  thermal 
processes  of  the  system  are  set  up  in  difference  form  to  describe  tempera- 
ture changes  with  time  in  the  non-steady  thermal  state.  The  criteria  for 
the  selection  of  time  intervals  of  proper  length  are  developed.  Computa- 
tion methods  ore  presented  far  calculating  machine  or  slide  rule  work. 
Bquations  far  the  determination  of  thermal  capacities  of  composite  bodies 
and  of  thermal  conductances  in  the  three  basic  modes  of  heat  transfer  are 
presented  far  a variety  of  possible  cases  and  with  particular  reference  to 
the  previously  defined  regions  of  the  thermal  system.  The  computation 
methods  and  the  application  of  the  developed  relationships  are  illustrated 
by  means  of  an  example  in  which  the  temperature-time  variations  of  the  ther- 
mal regions  in  a high  speed  aircraft  compartment  are  calculated. 


ANALYSIS 

1.  Choice  of  Method 

A rigid  mathematical  description  of  the  temperature-time  relation- 
ships involved  in  even  a simple  unsteady-state  heat  transfer  system  would 
be  extremely  complex  and  would  result  in  a set  of  simultaneous  partial  dif- 
ferential equations  with  variable  coefficients.  To  solve  such  a set  of 
equations  would  require  the  use  of  costly,  specially  designed  computing  ma- 
chines. Thus  it  would  be  of  little  advantage  to  attempt  a rigid  mathe- 
matical analysis  unless  such  equipment  were  available . The  use  of  such 
equipment  would  be  desirable  principally  when  a given  system  is  to  be  ana- 
lyzed for  a considerable  range  of  each  variable  defining  its  operating  con- 
ditions. A simplification  of  the  analysis  by  using  only  certain  character- 
istic temperatures  rather  than  actual  point  temperatures  to  describe  the 
system  would  still  result  in  a set  of  ordinary  differential  equations  with 
variable  coefficients.  These  equations  could  be  reduced  to  a single  dif- 
ferential equation  of  a high  order  and  with  variable  coefficients.  The 
solution  of  such  an  equation  would  require  special  techniques  which  would 
not  be  readily  available. 

Since  a simplification  of  the  method  is  necessary  if  ordinary  computa- 
tion methods  are  to  be  used,  it  is  believed  that  the  use  of  difference 
equations  along  with  a tabular  computation  method  (Ref.  II 1-2 ) would  best 
suit  the  purposes  of  this  problem.  This  method  is  based  upon  the  fundamen- 
tal premise  that  for  a specified  short  time  interval  the  transient  system 
may  be  treated  as  a steady-state  system.  Thus  the  temperature  rise  of  a 
given  member  during  the  specified  time  interval  may  be  computed  in  the  same 
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way  that  any  steady  flow  system  is  computed.  The  temperatures  at  the  end  of 
that  time  interval  can  then  be  used  as  the  initial  temperatures  for  the  next 
time  interval* 

In  applying  numerical  analysis  to  heat  transfer  problems,  the  first 
step  is  to  subdivide  the  physical  system  into  a number  of  regions,  for  each 
of  which  a representative  temperature  may  be  used  to  describe  the  thermal 
situation.  This  process  calls  for  some  judgement*  If  the  subdivisions  are 
too  crude  the  accuracy  may  be  low*  On  the  other  hand,  if  the  subdivisions 
are  too  numerous,  time  will  be  wasted  in  obtaining  a degree  of  accuracy  not 
warranted  by  the  data  or  by  the  practical  application  of  the  solution. 


2*  Description  of  Heat  Transfer  System 

The  subdivisions  of  the  heat  transfer  system  to  which  the  compu- 
tation method  is  to  be  applied  are  shown  diagrammatieally  in  Figure  XII-1. 
The  physical  system  consists  of  an  aircraft  compartment  which  may  or  may  not 
be  ventilated*  Within  this  compartment  is  located  an  equipment  box  far 
which  the  temperature-time  curve  is  desired.  Also  within  the  compartment 
are  other  bodies  separate  from  the  equipment  bear* 

In  subdividing  this  heat-transfer  system  it  may  be  seen  from  Figure 
m-1  that  the  regions  far  which  representative  temperatures  are  used  to 
describe  the  thermal  situation  are  as  follows* 

(A)  The  equipment  box  in  which  heat  may  be  generated,  heat  may  be 
stared  and  heat  may  be  given  off  to  a cooling  system.  In  addition  heat  may 
be  transferred  between  the  equipment  box  and  insulation  on  its  surface.  It 
is  assumed  that  the  thermal  condition  of  the  equipment  box  can  be  described 
in  terms  of  the  variation  of  a single  representative  temperature* 

(B)  An  insulation  or  heat  barrier  surrounding  the  equipment  box  which 
may  stare  heat,  have  heat  transferred  between  itself  and  the  equipment  box, 
have  heat  transferred  between  itself  and  its  surroundings  and.  may  have  heat 
removed  from  it  by  an  integral  cooling  system.  The  thermal  condition  of 
this  insulation  or  heat  barrier  is  described  in  terms  of  the  variation  of  a 
single  representative  temperature. 

(C)  The  bodies  or  masses  within  the  compartment  other  than  the  critical 
component  box.  For  this  description  it  is. assumed  that  all  such  masses  may 
be  lumped  together  and  described  in  terms  of  the  variation  of  a single  repre- 
sentative temperature.  In  some  situations,  where  the  thermal  properties  of 
the  various  masses  are  very  widely  different  it  may  be  necessary  to  use 
several  such  regions,  each  with  its  own  representative  temperature.  Aw  winning 
that  only  one  such  region  is  used,  it  may  be  seen  that  heat  may  be  stored  in 
it  and  heat  may  be  transferred  between  it  and  its  surroundings. 

(D)  The  air  within  the  compartment  which  may  receive  heat  or  give  off 
heat  to  the  surfaces  of  the  members  within  the  compartment  and  which  may  be 
cooled  by  some  cooling  means.  It  is  assumed  that  the  air  cannot  store  heat 
since  its  thermal  capacity  is  small  compared  to  the  other  regions  in  the 
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Schematic  Diagram  of  Heat 
Transfer  System 
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system, 


(£)  Insulation  or  & heat  barrier  adjacent  to  the  compartment  trail 
which  may  stare  heat,  have  heat  transferred  between  itself  and  the  compart- 
ment wall,  have  heat  transferred  between  itself  and  the  contents  of  the 
compartment  and  may  be  cooled  by  an  integral  cooling  system.  The  thermal 
condition  of  this  region  is  described  in  terms  of  a single  representative 
temperature. 

(F)  The  compartment  wall  which  may  give  off  heat  or  receive  heat 
from  the  insulation  or  heat  barrier  adjacent  to  it,  may  store  heat,  and 
may  have  heat  exchange  with  the  air  flowing  over  its  outer  surface.  The 
thermal  condition  here  is  described  in  terms  of  a single  representative 
temperature . 


3.  Assumptions 

For  the  development  of  a calculation  method,  the  following  basic 
assumptions  are  made. 

(a)  The  characteristic  temperature  of  the  components  within  the 
equipment  box  A is  described  in  terms  of  a single  temperature  T^  which  is 
assumed  to  be  the  temperature  at  all  parts  of  the  surface  of  the  box.  Thus 
it  is  assumed  that  the  rate  of  heat  storage  in  the  component  box  can  be  ex- 
pressed in  terns  of  the  time  rate  of  change  otf  T* . Also  the  rate  of  heat 
transfer  from  the  equipment  box  to  a cooling  system  and  to  the  insulation 
or  heat  barrier  on  the  box  may  be  expressed  in  terms  of  T^. 

(b)  The  insulation  B is  assumed  to  surround  the  equipment  box  and 
the  rate  of  heat  storage  and  the  rates  of  heat  transfer  from  it  may  be  ex- 
pressed in  terms  of  its  outer  surface  temperature  Tg. 

(c)  The  non-critic al  bodies  C within  the  compartment  are  assumed  to 
be  represented  by  a single  mass,  the  thermal  characteristics  of  which  may 
be  described  in  terms  of  & temperature  Tq,  which  is  the  average  surface 
temperature  of  all  such  bodies* 

(d)  The  air  D within  the  compartment  is  given  a separate  identity 
here  although  it  is  assumed  to  have  no  heat  storage  capacity.  Thus  the 
heat  transferred  to  and  from  the  air  may  be  expressed  in  terms  of  a single 
average  temperature  Tg.  The  air  is  assumed  to  be  always  in  thermal  equili- 
brium with  the  other  regions  in  contact  with  it. 

(e)  The  insulation  £ is  assumed  to  be  on  the  inner  surface  of  the 
compartment  wall.  Its  thermal  condition  is  described  in  terms  of  a single 
temperature  Tg  which  is  the  temperature  on  the  compartment-side  surface  of 
the  insulation. 

(f)  The  compartment  wall  F is  assumed  to  have  a single  temperature 
Tp  at  all  points.  The  heat  stored  in  it  and  transferred  to  and  from  it  is 
expressed  in  terms  of  this  temperature. 
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h.*  Hof  nclatare 


Surface  area,  tv 


Free  convection  modulus,  (%rNPrV(x^  A*) 

Free  convection  parameter,  0*  12ka^3  &2/3 

Radiation  temperature  function,  [(Tj/lOO^-CT^lOO)^  ] /(Ta-^) 
Thermal  capacity,  Btu/°F 
Specific  heat,  Btu/Uj-°P 
Tube  diameter,  ft 


Computation  factor 

Shape  factor  in  radiation  heat  transfer 
Bmissivity  factor  in  radiation  heat  transfer 
Fraction 

Weight  rate  of  flow  per  unit  area,  Ib/hr-ft2 
Convection  heat  transfer  coefficient,  Btu/hr-ft^-°F 
Conductance,  Btu/hr-uF 
Thermal  conductivity,  Btu/hr-ft^-(  °F/ft) 

Thickness  or  length  of  conduction  path,  ft 

Grashof  number,  56.2(p/u  )2(x/t)^  at  for  air 

Prandtl  number,  cM/k 

Pressure,  in.  Hg 

Heat  transfer  rate,  Btu/hr 

Absolute  temperature,  °R 

Temperature , °F 

Velocity,  ft/hr 

Volume,  ft^ 

Specific  weight,  lb/ft 3 


150 

^CONFIDENTIAL 


WADC-TH  5J-11U 


x Distance  from  leading  edge,  or  length  of  heat  transfer 

surface,  ft 

a Are a ratio 

A t Temperature  difference , °P 

at  Time  interval,  hr 

& ft*essure  ratio,  p/29.92 

€ Radiation  emissivity 

M Absolute  viscosity,  lb/ft-hr 

2/  Kinematic  viscosity,  ft^/hr 

£ Sum  of 

t Time,  hr 

Subscripts 

A Refers  to  equipment  box 

av  Refers  to  average  value  during  time  interval 

B Refers  to  insulation  on  equipment  box 

C Refers  to  non-critical  bodies 

cd  Indicates  conduction 

cv  Indicates  convection 

D Refers  to  air  in  compartment 

E Refers  to  insulation  on  compartment  wall 

F Refers  to  compartment  wall 

g Refers  to  heat  generated 

k Refers  to  mean  value,  or  a general  region  in  the  heat 

transfer  system 

n Refers  to  another  general  region  in  the  heat  transfer  system 

o Refers  to  heat  conveyed  to  cooling  system  or  atmosphere 

rd  Indicates  radiation 
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8 Refers  to  heat  stared 

t Indicates  total  temperature  of  air  stream 

1 Indicates  beginning  of  time  interval 

2 Indicates  end  of  time  interval 


5*  Derivation  of  Equations 
a.  Heat  Balance 


Based  on  the  system  depicted  by  Figure  HI-1  and  described 
in  part  (2),  the  assumptions  stated  in  part  ( 3) > and  using  the  nomenclature 
given  in  part  (U) , a set  of  heat  balance  equations  may  be  written  for  each 
member  of  the  system*  These  sure 


*g  + “ <Uo  “ qAs  - 0 (Ill-la) 

^ ~ “ qBD  " ” ^o  ” qBs  " 0 (Ill-lb) 

qBC  4 ^DC  ” ^CE  “ ^Ce  " 0 (III-lc) 

4 ^CE  4 ^DB  ~ qEF  “ qEo  “ qEs  * 0 (Hl-ld) 

qEF  “ ^Fo  “ qFs  " 0 (m-le) 

%D  “ %C  ~ %)E  ” ^Eo  * 0 (iH-lf) 


where  q~  is  the  rate  of  heat  generation  in  the  equipment  box  A , where  all 
heat  storage  rates  are  indicated  by  the  second  subscript  (a),  such  as  q.H 
signifying  the  heat  storage  rate  in  the  equipment  box,  and  where  all  rates 
of  heat  transfer  to  the  external  compartment  environment  or  to  an  internal 
cooling  system  are  indicated  by  the  second  subscript  (©),  such  as  qp0  sig- 
nifying the  heat  transfer  rate  from  the  compartment  wall  to  the  atmosphere. 


b*  Differential  Equations  and  Difference  Equations 

These  heat  balance  equations  may  be  expressed  in  differential 
form  in  terms  of  the  temperatures , thermal  capacities,  conductances  and 
time*  Far  example,  the  differential  farm  of  equation  (Ill-la)  is, 

**g  " WTA  " TB^  ” *ko  “ CA  $T  * °*  (in-2) 

where  the  heat  transfer  term  q^g  has  been  replaced  ty  the  product  of  the 
conductance  *AB  between  the  tiro  regions  A and  B and  the  temperature  differ- 
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ence  (T^-Tg) j while  the  heat  storage  term  has  been  replaced  by  the  thermal 
capacity  of  body  A,  CA,  multiplied  by  the  time  rate  of  change  of  its  tem- 
perature, dT»/dT,  The  terms  and  q^0  have  been  left  unaltered  since  their 
magnitudes  are  dependent  upon  the  rate  of  heat  generation  and  the  rate  of 
heat  removal  by  a cooling  system,  respectively. 

In  general  the  conductance  K between  any  two  regions  is  a function  of 
the  temperatures  of  those  regions  and  the  time.  Thus,  equation  ( II 1-2 ) is 
seen  to  be  a differential  equation  with  variable  coefficients.  To  change 
equation  (III-2)  to  a difference  equation  it  is  necessary  to  replace  cGV 
by  the  difference  (Tj^-T/n)  a^-d  dr  by  the  difference  at,  where  is  the 
temperature  of  region  A at  the  beginning  of  the  time  interval  at  and  T*2 
is  its  temperature  at  the  end  of  the  time  interval.  The  instantaneous  tem- 
perature difference  (T^— To)  is  to  be  replaced  by  the  temperature  difference 
at  the  beginning  of  the  time  interval  (Tjn-Tgt ),  If  these  substitutions 
are  made  in  equation  (IH-2)  and  the  resulting  equation  is  solved  for  the 
temperature  change  (T^g-T^)  of  region  A,  equation  (III-2)  becomes, 

ta2  “ tai  “ % <r^  “ kab(Tai  - fa)  ~ ^ao  (m-3) 

A A 

If  equation  (HI-3)  is  solved  for  T^?,  the  temperature  of  region  A at  the 
end  of  the  time  interval,  it  becomes, 

TA2  • ^ ^ “ ‘ko  ^ + KAB  ^ TB1  + (1"kab  e^tai 

The  factors  I^g(  at/C^)  and  l~K*g(  at/Ca)  multiply  the  temperatures  of 
the  two  regions  Tg^  and  Tjn  respectively.  For  convenience  such  factors  are 
designated  by  the  letter  F,  Thus  At/c^)  is  replaced  by  the  symbol  Fj^g 
and  L-K|gC  at/C^)  is  replaced  by  the  symbol  F^.  It  may  be  seen  that  the 
factor  is  the  multiplier  of  the  temperature  which  is  the  initial 
temperature  of  the  region  A far  which  the  final  temperature  Tjg  is  being 
computed,  whereas  the  factor  F^g  is  the  multiplier  of  the  temperature  Tg]_ 
which  is  the  initial  temperature  of  the  region  6 which  transfers  heat  with 
region  A,  Using  these  factors,  equation  (III-4)  may  be  written 

TA2  ■ «Jg  - *ko  3J2  + FABTB1  ♦ fAATA1  &W5) 

The  heat  balance  equations  (Ul-la  through  -le)  may  be  transformed  to 
equations  of  the  form  of  equation  (IH-3)  to  make  possible  the  computation 
of  the  temperature  rise  of  each  region  during  the  time  interval.  For  com- 
putation of  the  temperature  at  the  end  of  the  time  interval  the  heat  balance 
equations  (Ul-la  through  -le)  may  be  transformed  to  equations  of  the  farm, 
of  equation  (HI-5),  The  heat  balance  equation  far  region  D does  not  di- 
rectly involve  the  time  t,  since  it  is  assumed  that  the  air  (region  D)  has 
no  thermal  capacity.  Far  this  reason,  equation  (IH-lf)  is  treated  as  a 
steady  state  equation  and  is  discussed  separately  from  equations  ( Ill-la 
through  -le). 
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When  these  equations  are  transformed  to  the  form  of  equation  (III-3), 
they  become, 

V*ai  - Og  sf  -KiB  ff  Tk 

TB2'TBX  " KiB  (lAl"TBl'"KBC  ^ (TB1-TCX^"SBD  (t81'iW  " 

“ kBE  CTBlJrEa)“^Bo  (m-6b) 

TC2“TC1  “ *BC  <TBl^Cl)+KDC  ^D1”^C1^“^CE  §?  ^TC1“TE1^  C111-^) 

0 c c 

TE2~TE1  ■ %£  ^ ^01-%)^  ^Dl^EL^  " 

” KEF  (Te1-Tfi)-c1Eo  (HI-6d) 

£ £ 

TF2"TF1  “ ^ <TEr*Fl>-%o  ( TFl"Totl^  (III-6e) 

The  atmospheric  temperature  Totl  in  equation  (III-6e)  is  the  total  ten^jera- 
ture  of  the  air  flow  enveloping  the  compartment. 

The  heat  balance  equation  (m-lf)  for  the  air  of  region  D may  be  ex- 
pressed in  terms  of  the  temperatures  at  the  end  of  the  time  interval  A-r  or 
in  terms  of  the  temperature  at  the  beginning  of  the  time  interval.  This  is 
possible  since  it  is  assumed  that  the  air  of  region  D is  always  in  thermal 
equilibrium  with  its  surroundings.  Thus  equation  (iH-lf)  nay  be  written 

%D^TB2*-TB2^  “ ~ KDE^TD2”TE2)  “ 3do2  “ 0 

or 

%)(Tbi-TDi)  - KdcCTdi-Tci)  - SdeCTjj^-Tj^)  - * 0 

If  the  second  of  these  equations  is  subtracted  from  tbs  first  ar»a  tbs 
result  solved  far  the  temperature  difference  Tp2"TDl»  the  resulting  equa- 
tion is 


Tb2-T)D1  - 


%)t*B2"*Bl)  %)c(TC2“TCl)  __  *DE(TE2”TEl)  (<3Do2-<1Do1) 

^BD+^>C+^DE  ^BD+^JC^DE  ^BD^DC^DE  ~ ^BD+^DC+^E 

(m-6f) 
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c.  Temperatures  at  End  of  Time  Interval 


When  equations  (III-6e  through  -6f)  are  solved  for  the  tem- 
peratures at  the  end  of  the  time  interval,  there  results  a set  of  equations 
glmil-flr  to  equation  (III-5)  • These  are, 

TA2  " *g  ” ‘ko  + FABTB1  + FMTA1  (III-7a) 

tB2  * FBATA1  + FBCTC1  + FBDTD1  + FBE?E1  * FBBTKL  * <5bo  CJ  (IH-7b) 
TC2  “ FCBTB1  + fCDTD1  + fCETEL  * FCCTC1  (Ill-7c) 

TE2  “ yEBTBl  * FECTC1  + FEDTD1  + FEFTF1  + FEBrEl  “ qEo  ^ (HI-7d) 

Tp2  * + FFo^ol  + fFF%1  (IH-7e) 

TD2  “ FDBTB2  ♦ ?DGTC2  ♦ FDB?E2  “ (HI-7f) 

d.  Temperature  Change  in  Time  Interval 

The  equations  for  the  temperature  change  (I II -6a  through  -6f ) 
may  also  be  written  in  terms  of  the  F factors*  They  become 

ta2-*ai -Og^-'ko^- W**r*ta> 

TB2“TB1  " I'Bi('rll"TBl)“?Bc(TBl“TCl5_FRDtTBl-TDX)_FBE(TBl--EL)^!Bo 

(IXI-8b) 

tC2"®C1  **  FCB^TBl"^Gl)4FGD^Dl‘“TCl)”FCE(TCl”TEl)  (III-8c) 

TE2“TE1  * FEB^TBl“TEl)+FEC^TCl,"TEl)+FlD^TDr“5El^"FEF(TEl'JTFl)"qEo 

'•'E 

(III-8d) 

TF2*^F1  " FFE^TEl”TFl)"FFo^TFl”Totl^  (III-8e) 

TD2"TD1  “ FI®CTB2“TBl)4FDC^TC2"TCl)+FDE^TE2“?EEl)"  ^III“8f) 
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f • F Factors 

The  F factors  in  equations  (lll-7a  through  -?f)  and  equations 
(III-8a  through  -8f)  have  the  following  definitions. 


fab 

m 

FAB  At/Ca 

(III-9a) 

faa 

m 

i-fab 

(III-?b) 

fba 

m 

kab  at/cb 

(III-9c) 

fbc 

m 

kBC  At/Cb 

(III-9d) 

fbd 

m 

KBD  Ax/Cg 

(HX-9e) 

fbe 

m 

kBE  Ax/Cg 

(III-9f) 

fbb 

m 

1 - (FbA+FBC+FBD+FBe) 

(III-9g) 

fcb 

m 

KgB  AT/Cc 

(in-9h) 

fcd 

» 

kdc  aVcc 

(III-91) 

fce 

m 

^CE  At/Cq 

(III-9J) 

Fcc 

m 

1 " (fcb+fcd+fce) 

(III-9k) 

feb 

m 

kbe  aVce 

(III-91) 

fec 

m 

KgE  At/Ce 

(III-9n) 

fed 

m 

kde  aVce 

(III-9n) 

fef 

m 

At/Ce 

(III-90) 

fee 

m 

1 - ^feb+fec+fed+fef^ 

(III-9p) 

ffe 

m 

kEF  Ax/Cp 

(III-9q) 

FFo 

m 

kFo  Ax/Cp 

(III-9r) 

fff 

m 

1 - (FFE+FpQ) 

(111-93) 

fdb 

m 

kbd 

^bd+kdc+kde 

(III-9t) 

fdc 

- 

^DC 

^)B+KDC+2DE 

(m-9u) 

fde 

- 

%E 

^DB+KDC+KDE 

( III-9v) 
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g.  Determination  of  Time  Intervals  at  to  be  Used 


The  value  of  the  time  interval  at  which  should  be  used  in 
each  step  of  these  computations  is  the  one  which  will  produce  the  desired 
accuracy  with  the  least  number  of  computations  for  the  total  time  for  which 
the  temperature-time  curve  is  sought.  It  may  be  seen  that  if  at  is  chosen 
too  I a large  number  of  computations  will  be  required  to  cover  the  total 
time.  On  the  other  hand  if  at  is  chosen  too  large  serious  inaccuracies 
may  result.  These  inaccuracies  may  be  particularly  serious  at  the  start  of 
the  temperature-time  curve. 

By  examining  any  of  the  sets  of  equations  (III-7)  and  (1X1-9),  it  will 
be  seen  that 

£Fm  - 1 (Ill-iO) 

where  ZFm  is  the  sum  of  all  the  F factors  having  a first  subscript  m,  e.g. 
equation  CHI-9g)  shows  that 

fB A + FBB  + FBC  + FBD  + FBE  “ 

From  the  set  of  equations  (III-9)  it  may  be  seen  that 

Fmn  > 0 (III-11) 

for  m / n.  This  simply  states  that  all  conductances,  thermal  capacities 
and  time  intervals  are  positive.  A careful  examination  of  any  of  the  set 
of  equations  ( III-7 ) will  also  lead  to  the  conclusion  that 

*m*0  (III-12) 

For  example,  in  equation  (HI-7c)  if  Fqq  is  negative  the  product  FqqTqi 
would  be  negative.  This  would  say  that  idle  temperature  of  the  region  C at 
the  beginning  of  the  time  interval  has  a negative  effect  on  its  own  tem- 
perature at  the  end  of  the  time  interval.  In  other  words,  the  higher  Tq^ 
is  the  lower  will  T^  be  if  Fqq  is  negative.  This  would  not  be  consistent 
with  the  second  law  of  thermodynamics. 

It  is  possible  however  that  regions  transferring  heat  to  or  receiving 
heat  from  a region  m may  have  so  large  an  influence  on  the  temperature  of 
m that  the  temperature  of  m at  the  start  of  the  time  interval  may  have  little 
effect  upon  its  temperature  at  the  end  of  the  time  interval.  This  may  be 
stated  by  the  equation 

Fan  - 0 (III-13) 

Tims,  equations  (III-12  and  -13)  may  be  combined  to  read 

Fmm  * 0 Cm-H,) 
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From  the  set  of  equations  (III -9)  it  is  seen  that 

F»  - 1 - (ni-15) 

Equations  (IH-lit  and  -15)  nay  be  combined  to  give  the  result 

AT  4 (HI-16) 


This  leads  to  the  conclusion  that  the  maximum 
second  law  of  thermodynamics  is. 


AT 


at  consistent  with  the 


(in-17) 


Thus,  far  any  heat  transfer  system  such  as  the  one  shown  in  Figure  III-l  it 
is  necessary  to  compute  the  at  according  to  equation  ( III-17 ) for  each 
region  and  select  the  smallest.  As  a rule,  it  would  not  be  necessary  to 
calculate  the  at  for  each  region  because  most  conductances  vary  little  with 
time,  except  radiation  conductances  which  increase  appreciably  with  the  tem- 
perature level.  It  is,  therefore,  possible  to  ascertain  the  critical  re- 
gions after  the  first  few  calculations  and  to  omit  thereafter  calculations 
for  the  other  regions. 

A careful  examination  of  equations  (HI-7)  will  shew  that  values  of 
AT  that  are  too  large  will  result  in  oscillating  values  of  the  temperature 
with  time.  This  oscillation  may  be  serious  at  small  values  of  t,  i.e.,  at 
the  start,  but  will  be  less  serious  as  steady  state  temperatures  are  ap- 
proached, i.e.,  after  a long  time  has  elapsed.  With  experience  it  is  pos- 
sible sometimes  to  select  the  value  of  at  which  may  be  too  large  to  give 
accuracy  during  the  initial  part  of  the  temperature  curves  but  which  will 
produce  satisfactory  results  at  later  times  when  the  temperatures  approach 
their  steady  state  values.  This  may  be  necessary  in  many  instances  where 
the  thermal  capacity  is  small  and  the  conductances  are  large,  and  thus  very 
small  values  of  at  would  be  required  according  to  equation  ( III-17 ) . This 
may  result  in  very  many  calculations  to  cover  even  a relatively  short  total 
time.  For  this  reason,  it  is  often  better  to  sacrifice  some  accuracy  in 
determining  the  initial  shape  of  the  temperature-time  curves  in  the  interest 
of  3peed  with  fair  accuracy  in  finding  the  curves  for  the  later  stages  of 
the  heat  transfer  process. 


COMPUTATION  METHODS 

1.  Basic  Methods  Based  on  Conditions  at  Beginning  of  Time  Interval 

Tabular  computations  forms  may  be  arranged  for  either  the  set  of 
equations  (III-7a  through  -7f)  or  the  set  (III-8a  through  -8f).  The  ex- 
pressions for  the  temperatures  at  the  end  of  the  time  interval  as  given  in 
equations  ( III-7 ) are  most  easily  adapted  to  a tabular  computation  form 
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since  only  the  sums  of  products  of  F's  and  T's  are  involved.  Computations 
from  this  form  of  the  equations,  however,  may  be  rather  inaccurate  unless 
a calculating  machine  is  used.  This  occurs  because  in  most  cases  the  value 
of  Fpj,  is  only  slightly  larger  than  aero  whereas  the  value  of  Fg— ^is  only 
slightly  smaller  than  unity.  In  equation  (III-7a),  for  example/Fig  might 
be  of  the  order  of  magnitude  of  lxl0”3  in  which  case  F.»  would  be  0.999 
(see  equation  (III-9b)).  It  would  not  be  possible  to  distinguish  the  small 
difference  between  Tjq  and  0.999Tat  if  a slide-rule  were  used,  whereas  this 
difference  could  be  determined  readily  from  the  results  of  a calculating 
machine.  As  a general  rule,  therefore,  it  is  better  to  use  equations 
( II 1-7 ) for  the  final  temperatures  when  calculations  are  performed  by  ma- 
chine. Equations  (III-8)  for  the  temperature  changes  do  not  contain  the 
Fmi  terms  and  therefore  multiplying  factors  close  to  unity  are  not  encoun- 
tered. For  this  reason  it  is  better  to  use  them  in  slide-rule  computations. 
These  computations  are  somewhat  more  cumbersome  than  those  by  equations 
( III-7 ) but  do  not  present  a serious  handicap. 


a.  Calculating  Machine  Procedure 

A convenient  tabular  form  far  equations  (III-7)  is  shown  in 

Table  III-l. 


Table  III-l 

Computation  Table  for  Equations  (III-7a  through  -7f) 


A 

B 

C 

D* 

e f 

Cl)  1*1 

faa 

fba 

(2)  TB1 

fab 

fbb 

FCB 

i?  * 

fdb 

feb 

(3)  TC1 

fbc 

FCC 

fdc* 

fec 

(W  %l 

fbd 

fcd 

fed 

C5)  igi 

fbe 

fce 

fde* 

fee  ffe 

(6)  tf1 

Fgp  Fpp 

(7)  ToX 

FFo 

(8)  qg 

at/Ca 

(9)  9*0 

- at/Ca 

(10)  iBo 

- at/Cb 

(11) 

"V ( kbd+kdc+kde^ 

(12)  qgQ 

- at/ce 

(13) 

tA2" 

TB2" 

TC2- 

TD2“ 

TE2“  TF2“ 

The  following  steps  are  recommended  in  the  use  of  Table  III-l: 
1.  Determine  initial  values  of  T‘s,  C*s,  K*s  and  q*s. 
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2.  Compute  value  of  at  from  equation  (III-IY). 

3.  Compute  values  of  F's  and  other  factors  shown  In  the  body  of  the 
table. 

k . Enter  initial  values  of  T's  and  q’s  in  left-hand  column. 

5.  Multiply  initial  values  in  left-hand  column  by  proper  F values 
shown  in  the  table.  Enter  these  products  where  the  F's  are  shown. 
For  example,  T^t  is  to  be  multiplied  by  ?AA  and  with  the  first 
product  entered  where  is  shown  and  the  second  product  entered 
where  is  shown.  Thus  procedure  is  to  be  carried  out  for  all 
columns  except  D*.  This  is  starred  to  indicate  tiiat  the  F-factors 
in  this  column  are  to  be  multiplied  by  final  temperatures  rather 
than  initial  temperatures. 

6.  Sum  up  all  the  products  in  each  of  the  columns  A,  3,  C,  E and  F 
and  write  the  final  temperatures  at  the  bottom. 

7 . Form  the  products  in  column  D*  by  multiplying  the  F-factors  indi- 
cated by  the  final  temperatures  taken  from  the  last  line,  i.e., 

Fgg  is  to  be  multiplied  by  Tgg > etc.  Enter  these  products  in 
column  D and  take  the  sum  to  g et  Tg2 • 

8.  Using  the  values  of  the  final  temperatures  in  the  last  line,  as 
the  initial  temperatures  for  the  next  time  interval  repeat  steps 
(1)  to  (7). 

For  accuracy  the  K's  and  consequently  the  F's,  which  change  -with  tem- 
perature, should  be  computed  for  each  time  interval.  For  approximations 
and  for  purpose  of  simplification,  it  is  possible  in  some  instances  to  se- 
lect average  values  for  the  K's  which  would  result  in  F- value s constant 
with  time.  This  greatly  reduces  the  computational  effort  required  to  evalu- 
ate a set  of  temperature-time  curves. 

As  a rule  it  is  possible  to  predetermine  the  variation  of  all  con- 
ductances with  temperature  and  the  variation  of  those  conductances  which 
depend  on  the  atmospheric  environment  with  flight  time.  It  is  convenient 
to  prepare  these  variations  in  graphical  form  and  to  utilize  the  curves  to 
determine  instantaneous  values  corresponding  to  initial  interval  tempera- 
tures. Conductances  whose  variations  with  time  are  known  are  best  used, 
for  improved  accuracy,  not  as  determined  at  the  beginning  of  the  time  in- 
terval but  at  its  midpoint. 

The  computation  of  at  from  equation  (III-17)  is  also  likely  to  be 
found  laborious.  If  care  Is  exercised  to  prevent  excessive  oscillations 
in  the  calculated  temperature-time  curves,  values  of  at  appreciably 
greater  than  found  by  equation  (III-17)  may  be  used. 


b.  Slide  Rule  Procedure 


A tabular  form  recommended  for  use  in  slide  rule  computations 
is  3hovra  in  Table  III-2.  The  procedure  in  using  Table  III— 2 is  similar  to 
that  for  Table  III-l.  From  the  initial  temperatures  and  flight  conditions 
all  the  values  in  the  left-hand  column  are  determined,  except  those  which 
are  starred.  Also  for  the  initial  conditions  the  values  of  the  K's  and  of 
the  coefficients  in  the  table  are  determined.  The  starred  values  in  the 
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Table  II 1-2 

Computation  Form  for  Equations  (III-8a  through  -Qf) 


A 

B 

C 

D E 

F 

(1) 

tai- 

TB1* 

TC1" 

tdi“  tei* 

TF1“ 

(2)  tA1”TB1 

“fab 

+fba 

(3)  TBl-^Cl 

“fBC 

+fCB 

00  Tbi-Tdi 

-fbd 

CS>  %l^El 

*^be 

+feb 

(6)  TC1"TE1 

“fce 

+fec 

(7)  Tdi-tci 

+fcd 

d 

CO 

+fed 

<?>  tEL-tF1 

+ffe 

(10)  TF1-Totl 

**fFo 

(11)  Tbj-TbP 

+fdb 

(12)  Tcg-Toi* 

+fdc 

(13)  T^-Tel* 

+fde 

OMflg 

+ at/ca 

(IS)  <5^0 

- at/Ca 

W)  %0 

- AT/Cg 

(17)  %o2“<lDol* 

1 

kbd+kdc+i^de 

<l8>  *Eo 

- at/ce 

(19) 

TA2“TA1" 

TB2”TB1“ 

tC2~tC1“ 

TD2”TD1*  TE2”TE1‘! 

tF2-*tF1“ 

(20) 

TA2“ 

TB2" 

TC2* 

tD2”  TE2“ 

TF2* 

left-hand  column  can  be  determined  after  Tp2>  Tq2  311(1  Tjj>  have  been  deter- 
mined for  the  chosen  time  interval  at. 

The  same  criteria  as  those  applicable  for  the  determination  of  con- 
ductances K and  time  intervals  at  as  pointed  out  for  the  calculating  ma- 
chine procedure  may  also  be  applied  in  the  slide  rule  procedure. 


2.  Alternate  Computation  Method  for  Simplified  System  Based  on 
Average  Conditions  During  Time  Interval 

If  the  heat  transfer  system  being  considered  is  simpler  than  that 
shown  in  Figure  III-l  such  as  the  system  shown  in  Figure  III-2,  for  example, 
it  is  possible  to  modify  the  computation  procedure  for  greater  accuracy  than 
that  obtained  by  the  methods  already  described.  This  greater  ac curacy  can 
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be  obtalmd  by  using  average  temperatures  during  the  tine  interval  in  com- 
puting the  heat  transfer* 


% 


Figure  III-2*  Tiro-Body  Heat  Transfer  System 


Far  example  far  the  system  in  Figure  UI-2  the  difference  equation  far 
body  (i)  may  be  -written. 


where. 


I!  (Tu-Xu) 


T3-ar 


Til+Ti2 

2 


Of  course  it  is  necessary  first  to  estimate  the  values  of  Tj2  and  Tj2  and 
then  to  compute  by  the  tabular  methods  what  those  values  should  be*  This 
results  in  a trial-and-errar  process  which  would  be  prohibitive  if  there 
were  very  many  bodies  in  the  heat  transfer  system.  However,  the  procedure 
would  not  be  burdensome  far  a system  containing  a small  number  of  bodies* 
It  is  usually  feasible  to  make  good  estimates  by  extrapolation  of  the  tear* 
peratur e-time  curves  plotted  concurrently  with  the  computations* 


THHUttl  CAPACITIES  AND  CONDUCTANCES 

1*  Thermal  Capacities  of  Composite  Bodies 

The  thermal  capacity  C of  any  body  is  defined  as  the  heat  required 
to  raise  the  temperature  of  that  body  one  degree*  The  value  of  C for  any 
solid  or  liquid  body  made  up  of  several  components  may  be  found  by  taking 
the  sum  of  the  products  of  the  weights  and  specific  heats  of  each  component. 
Thus  if  an  equipment  item,  such  as  A in  Figure  IH-1,  is  made  up  of  materi- 
als having  volumes  va,  v^,,  vc,  etc.,  specific  weights  wa,  Wfc,,  wc,  etc*,  and 
specific  heats,  ca,  cfc,  ee,  etc*,  respectively,  its  thermal  capacity  would 
be 
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W*  ♦ *W>eb  ♦ TcVc  + 0tc* 


(in-ifl) 


The  specific  heats  and  specific  weights  of  various  materials  nay  he 
found  in  several  handbooks  (Ref*  XH-b*  -5,  and  -7).  As  an  approximate 
guide,  the  range  of  thermal  capacities  of  one  cubic  foot  of  various  classes 
of  materials  are  given  in  Table  HI-3*  The  thermal  capacities  of  gases  are 
so  saall  that  as  a general  rule  they  nay  be  neglected  in  computations  such 
as  those  described  hare* 


Table  III-3 

Ranges  of  Volumetric  Thermal  Capacities  and  Specific  Heats 
of  Various  Classes  of  Materials 


Material 

Btu/ft3-°F 

Btu/Xb-°F 

Metals  (solid) 

light  (less  than  300  Ib/ft3) 

27  - UO 

•ill  — 

.25 

medium  (less  than  6 00  lb/ft^) 

III  - 60 

.09  - 

.12 

heavy  (more  than  600  lb/ft^) 

18  - i|2 

•03  - 

•06 

liquids 

15-65 

*I|  - 

1 

Non-metals  (e*g*  glass,  rubber. 

plastics,  wood,  etc*) 

10-35 

*15  - 

•55 

Insulating  materials  (loose,  e.g* 

.15  - 

rock  wool,  asbestos,  etc*) 

1-  7 

•3 

2*  Conductances  of  Heat  Transfer  Modes 


The  thermal  conductance  K is  defined  as  the  time  rate  of  heat 
transfer  per  degree  of  temperature  difference  and  is  designated.  The  value 
of  K far  heat  transferred  from  one  body  to  another,  or  from  one  part  of  a 
body  to  some  other  part  of  the  body,  depends  upon  the  modes  of  heat  transfer 
involved*  Heat  may  be  transferred  by  conduction,  convection,  radiation  or 
by  some  coutolnation  of  them. 

The  heat  transferred  entirely  within  the  boundaries  of  solid  bodies 
or  across  the  interfaces  of  adjoining  solid  bodies,  is  assumed  to  be  trans- 
ferred by  conduction*  Heat  transferred  from  the  surface  of  a solid  body  to 
a fluid  in  contact  with  it  is  said  to  be  transferred  by  convection*  When 
heat  is  transferred  from  one  surface  to  other  surfaces  in  a vacuum  and  with- 
out contact,  it  is  transferred  by  radiation  only.  Heat  may  also  be  trans- 
ferred by  radiation  between  two  surfaces  if  the  intervening  medium  transmits 
radiant  energy* 

Since  the  thermal  conductances  for  each  of  these  modes  of  heat  transfer 
are  computed  by  different  methods,  they  are  discussed  separately  in  the  fol- 
lowing* 


a*  Conduction  Heat  Transfer 


Since  the  heat  transfer  confutations  being  described  here  are 
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such  that  differential  equations  are  replaced  by  difference  equations  it 
is  possible  to  consider  the  heat  transfer  process  in  any  time  interval  to 
be  in  the  steady  state. 


The  basic  equation  for  steady  state  conductive  heat  transfer 

q - - J kft  dt/dl 


is 

(m-19) 


For  plane  solids  with  heat  flow  perpendicular  to  the  surface,  equation 
(m-19)  integrates  to 


q 


kjj  A At 

E 


(m-20) 


where  k_  is  the  mean  thermal  conductivity  of  the  material.  Equation 
(m-20)  may  be  written 


9l  • Kgd 


(m-21) 


where  Kqj  is  the  thermal  conductance  for  conduction  heat  transfer  and  is 
defined  by 


«cd 


(in-22) 


In  many  cases  the  flow  of  heat  occurs  through  solids  in  which  the  area  nor- 
mal to  the  path  of  heat  flow  varies  as  a function  of  the  distance  along  the 
path.  In  such  cases  the  area  to  be  used  in  equation  (III-22)  is  the  mean 
value  of  the  area  A®.  Thna, 


Kcd 


(III-23) 


Values  of  thermal  conductivity  k of  various  materials  are  given  in  handbooks 
and  texts  on  heat  transfer  (Ref.  III-l  to  -8). 

b.  Convection  Heat  Transfer 

Th«  basic  equation  for  the  rate  of  heat  transfer  by  convection 
from  a surface  to  a fluid  in  contact  with  that  fluid  is, 

q - hi  At  (133-24) 

The  thermal  conductance  for  this  mode  may  therefore  be  written  as 

Kcv  - hA  (III-25) 

The  value  of  the  heat  transfer  coefficient  h depends  upon  the  type  of 
convection,  (free  or  forced),  the  geometry,  the  bydrodynamical  characteris- 
tics, and  the  heat  transfer  characteristics  of  the  system.  Equations  for 
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the  computation  of  h in  a variety  of  special  cases  may  be  found  in  anv  heat 
transfer  text  (Ref.  III-l,  -6,  and  -8). 


c.  Radiation  Heat  Transfer 


Heat  transfer  rates  by  radiation  between  two  surfaces  (a)  and 
(b)  may  be  computed  ty  the  approximation 

q - 0.172FAFe  A [(Tg/lOO^-CTb/lOO)1*)  (111-26) 

■where  the  emissivity  factor  *e>  the  shape  factor  FA  and  the  surface  area  A 
on  which  the  computation  is  to  be  based  depend  on  the  configuration  of  the 
surfaces  and  their  individual  emissivities  (see  p.  6l,  Ref.  III-l).  Equa- 
tion (HI-26)  may  be  written, 

q - Kpd  (Ta  - Tb)  (II 1-27) 

■where  the  thermal  conductance  is  defined  by 

0.172 [(Ta/MQ)i‘-(Ib/too)l>| 

rd  ' (III-28) 

a d 


3*  Combined  Conductances 

a.  Parallel  Heat  Transfer  Paths 

In  many  actual  situations  it  is  the  usual  practice  to  com- 
pute separately  the  heat  transfer  between  two  bodies  by  each  mode.  In 
other  instances,  however,  it  may  be  expedient  to  compute  a combined  con- 
ductance far  the  heat  transfer  from  one  body  to  another  by  mare  than  one 
mode  or  through  intervening  bodies. 

If  heat  is  transferred  from  body  (a)  at  temperature  T_  to  body  (b)  at 
temperature  along  parallel  paths  that  have  corxiuctances  Ki,  K2,  K3,  . . 
Kjj,  then  the  combined  conductance  is 

K - K1  + K2+K3+...+Kn  (HI-29) 

and  the  heat  transfer  rate  is  q • K(Ta  - Tb). 

Typical  examples  of  this  are  found  when  one  body  is  connected  to  a 
second  body  by  two  or  more  conductive  paths  or  when  heat  is  transferred 
from  one  body  to  another  by  more  than  one  mode.  For  example,  if  heat  is 
transferred  from  one  body  to  another  by  convection  and  radiation  the  com- 
bined conductance  is 


K • Kgy  ♦ K^.d 


(III-30) 
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where  K^,  and  are  defined  toy  equations  (III-25  and  -28),  respectively. 


b.  Series  Heat  Transfer  Paths 


In  some  cases  the  heat  may  be  transferred  from  one  bo^y  or 
surface  to  a second  bo^y  or  surface  through  one  or  mare  intervening  bodies 
in  series*  If  it  is  desired  to  express  this  heat  transfer  rate  in  terms 
of  a confined  conductance  and  the  temperatures  of  the  two  bodies,  it  is 
necessary  to  compute  the  combined  conductance  as  the  reciprocal  of  the  sum 
of  the  reciprocals  of  the  separate  conductances.  For  example,  if  heat  is 
transferred  from  surface  (a)  at  temperature  Ta>  to  surface  (bj  at  tempera- 
ture Tfe,  through  a fluid  medium  between  them,  the  combined  conductance  is. 


K 


(HI-31) 


and  the  heat  transfer  rate  is  q - K(Ta-T v),  when  Kcv_a  is  the  conductance 
due  to  convective  heat  transfer  from  surface  (a)  to  the  fluid,  and  Kcv_b 
is  the  conductance  due  to  convective  heat  transfer  from  the  fluid  to  sur- 
face (b),  both  determined  by  equation  (111-25).  Similarly,  if  surface  (a) 
is  separated  from  surface  (b)  toy  several  layers  of  solid  bodies  in  series 
having  conductances,  Kcd-1,  Kcd-2*  Kcd-3*  • • • Kcd-n>  ^ combined  con- 
ductance is, 

K - — j j \ j—  (ni-32) 

gi—  " 4-  — ~ + yr  + * • .4  yr-  — 

Kcd-1  ^cd-2  ncd-3  nc<J-n 


c.  Series-Parallel  Heat  Transfer  Paths 

For  the  case  where  heat  is  transferred  from  surface  (a)  to 
surface  (b)  through  a transparent  gas  the  combined  conductance  for  the  heat 
transferred  from  surface  (a)  to  surface  (b)  is, 

K - ♦ " X ' 1 j (HI-33) 

^cv-&  ^cv-b 


It.  Conductances  for  Specific  Cases 

To  illustrate  the  methods  of  determining  the  coniuctances  for  a 
variety  of  specific  cases,  the  values  of  the  conductances  involved  in  the 
heat  transfer  system  of  Figure  ni-1  and  expressed  in  equations  (lll-6a 
through  -6 f)  will  be  developed  here. 

, a-  % - Conductance  between  the  surface  of  the  equipment  box  A 
and  the  outer  surface  of  the  insulation  B.  Since  this  process  involves  only 
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conduction  heat  transfer,  the  conductance  is  by  equation  (1 11-23) 

tr  _ 

21b 


For  most  insulating  materials  used  in  aircraft  the  value  of  kb  is  in 
the  range  from  0.02  to  O.lS  Btu/hr-sq  ft-  (®F/ft).  (See  Appendix  fl.) 


If  it  is  desired  to  express  all  conductances  in  terms  of  the  area  of 
the  compartment  wall,  Ap  ,then  equation  (IH-3U)  may  be  written 


w _ kBaAFAF^1+aBA^ 
21* 


(111-35) 


where 

aAF  " aa/AF  °B&  * Ab/AA  (m—36) 

b.  Kqq  - Conductance  between  the  outer  surface  of  the  insulation 
B and  the  non-heat  generating  bodies  C.  Heat  may  be  transferred  between 
the  insulation  B and  the  non-heat  generating  components  C by  conduction, 
radiation  and  convection.  Since  the  portion  of  the  heat  transferred  by 
convection  must  first  be  transferred  between  B and  the  air  D in  the  com- 
partment and  between  the  air  D and  the  non-heat  generating  bodies  C,  it  is 
best  to  separate  the  conductance  due  to  convection  from  the  conductance  due 
to  radiation  and  conduction. 


Since  Kqq  is  a combined  conductance  for  two  parallel  paths  of  heat 
transfer  (conduction  and  radiation)  the  conductance  by  equations  (1 11-23* 
-28  and  -30)  is 


KBC 


kB0*BC  . 0.172FeFAAB  [(Tg/lOO^Tc/lOO)1*] 

W i^TSJ 


(ni-37) 


where  lcgg,  Age  and  Lgc  are  mean  values  of  thermal  conductivity,  cross  sec- 
tional area  and  length  of  the  conduction  path  connecting  B and  C. 

In  many  cases,  unless  metal  conduction  paths  are  purposely  provided, 
the  term  kgQA-gc/Lgc  is  so  small  that  it  may  be  neglected.  This  is  the 
usual  situation  since  equipment  component  boxes  are  usually  mounted  on  vi- 
bration and  ahock  mounts  which  are  relatively  poor  heat  conductors. 


"Where  the  geometry  of  the  system  is  simple  it  is  possible  to  compute 
the  values  of  Fe  and  FA.  from  theoretical  considerations.  However  in  the 
usual  aircraft  equipment  compartment  being  considered,  the  disposition  of 
the  surfaces  of  body  C which  may  consist  of  several  bodies,  lumped  together 
for  convenience  of  calculation,  with  respect  to  body  B may  be  very  complex. 
In  this  case  it  is  suggested  that  the  product  FgFA  be  replaced  by  the  pro- 
duct of  the  emissivity  of  body  B and  the  estimated  fraction  of  the  surface 
of  body  B which  is  "seen"  by  body  C.  It  is  further  suggested  that  the 
area  Ag  be  expressed  in  terms  of  the  area  of  the  compartment  wall,  Ap. 
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Thus,  for  the  case  where  no  metallic  conductive  paths  are  provided  and 
where  it  is  not  possible  to  determine  Fe  and  FA  with  any  accuracy,  equation 
(III-37)  becomes 


%C 


0«172  [(Tg/lOO)  -(Tg/lQO)] 


TB  ~ 


(ni-38) 


where  fgg  is  the  estimated  fraction  of  body  B “seen*  by  body  C. 


c.  - Conductance  between  the  outer  surface  of  the  insulation 
B and  the  air  in  the  compartment  D.  This  conductance  is  due  to  convection 
alone  and  is  defined  by  equation  (III-25)  • If  the  air  in  the  compartment 
is  circulating  by  virtue  of  free  convection  alone  the  convection  coefficient 
h,  may  be  found  by  one  of  the  exact  equations  given  in  the  heat  transfer 
literature.  For  purposes  of  estimation  the  following  equation  for  free 
convection  may  be  used. 


Kbd  * a‘(TB-TD)V3  Ab  (HI-39) 


where 


a»  - 0.12kg  a^  /2/3  # 


the  thermal  conductivity  of  the  air  kg  and  the  free  convection  modulus  a 
(see  p.  2UU,  Ref.  HI-l)  being  both  determined  at  temperature  (Tg-»Tg)/2. 

If  the  air  in  the  compartment  is  circulating  by  virtue  of  forced  con- 
vection produced  by  a blower  or  other  means,  the  convection  coefficient 
will  depend  upon  the  shape  of  the  passages  through  which  the  air  passes  and 
the  type  of  flow  involved. 


If  the  flow  is  streamlined  the  following  approximate  equations  in 
which  an  average  Ngp  of  0.7  is  substituted  may  be  used  to  determine  h. 


(a) 

(b) 

In  circular  tube  h » 3.65  k/d 
(see  p.  100,  Ref.  IH-3)  _ # 

Over  flat  plate  h • 0.6k(v/x  v )V2 

(HI-UO) 

(HI-lil) 

(see  p.  93>  Ref.  HI-3) 

If  the  flow  is  turbulent  the  following  approximate  equations  in  which 
an  average  Npj.  of  0.7  is  substituted  may  be  used: 

(a) 

In  circular  tube  h ■ 0.021(ty^iP,^)(V/v 

(111-1*2) 

(b) 

(see  p.  H3,  Ref.  III-l) 

Over  flat  plate  h » 0.055  (k/x°*2',)(v/i'  )0,'-> 

( 111-1*3) 

(c) 

(see  p.  126,  Ref.  III-l)  . . 

Across  tubes  h « 0.0032(T)°*^(GZ' 

(111-1*1*) 

(see  p.  125,  Ref.  III-l) 

where  x is  the  length  of  the  plate,  V the  air  velocity  ani  G the  weight 
flow  rate  of  air  per  unit  minimum  free  flow  area. 
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For  the  case  of  forced  convection  then, 

kBD  * ^BD  AB  (III-U5) 

where  hgj),  the  forced  convection  coefficient  is  determined  from  one  of  the 
equations  ( 111-1*0  to  -4*1*)  and  Ag  the  area  of  body  B in  contact  with  the  air 
D may  be  expressed  in  terms  of  AF  the  area  of  the  compartment  wall* 


d*  Kgg  — Conductance  due  to  radiation  between  insulation  surfaces 
B and  £•  (See  Egg.) 

. Q.172  [(Ib/ioo^-CteAoo)11]  (III4l6) 

BE 

where  fBg  is  the  estimated  fraction  of  body  B "seen"  by  body  E* 


e*  %E  - Conductance  due  to  radiation  between  non-critical  bodies 
C and  insulation  E*  (See  %£•) 

0.172  €cfCE(ac5AF)  [(Tc/lOO^Tj/lOO)1*] 

*ce  - et-t; 


(1114*7) 


where  fgg  is  the  estimated  fraction  of  surface  of  body  C "seen"  by  body  E 
and  acE  ■ Aq/Af. 


f . Kjjg  - Conductance  due  to  convection  between  the  air  D and  the 
insulation  E on  the  compartment  wall.  The  discussion  applying  to  the  con- 
ductance KED  applies  equally  well  to  conductance  KDE* 

If  the  air  circulation  is  entirely  by  free  convection, 

%)E  * a*  (Tj)-TE)^/3  ajjjjAp  (111-1*8) 

where  a'  is  defined  as  far  equation  (111-33)  and  agp  « Aj/af. 

If  the  air  circulation  is  by  forced  convection, 

%E  " ^DE  aE  (111-1*9) 

where  hpg,  the  farced  convection  coefficient,  is  determined  from  one  of  the 
equations  ( 111-1*0  to  -1*1*)  and  AE  is  the  area  of  body  E which  is  in  contact 
with  the  air. 

Kjjq,  the  conductance  between  the  air  and  the  non-critical  components 
1b  determined  in  the  same  manner  as  &qE,  using  appropriate  values  corre- 
sponding to  C rather  than  E in  equations  (111-1*8  or  -1*9). 
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g.  Kqp  - Conductance  between  the  coapartaent-side  surface  of  the 
insulation  on  toe  compartment  -vail  S and  the  compartment  vail  F.  This  con- 
ductance is  similar  to  conductance  and  may  be  expressed  by  the  equation 

kEP  “ kE  1 'ilg1  (133-50) 

where  Lg  is  the  insulation  thickness  and  kg,  its  thermal  conductivity  at  its 
average  temperature . The  term  agp  is  defined  by  Ag^/Ap,  vhere  Agm  ■ 
(Ag-»Ap)/2  and  is  practically  equal  to  Ap. 


h«  E^.0  - Conductance  due  to  forced  convection  heat  transfer  be- 
tween the  compartment  wall  F and  the  air  flow  over  it*  If  it  is  assumed 
that  the  compartment  vail  is  the  surface  of  the  aircraft  or  missile  over 
which  air  is  flowing,  that  the  compartment  is  short  in  the  direction  of 
air  flow,  and  that  it  is  located  on  the  average,  some  distance  x aft  of  the 
most  forward  point  of  the  surface,  then 


K- 


-Fo 


*0  V>vV 


(III-5D 


In  equation  ( III-51)  (Ref*  III-5),  the  thermal  conductivity  kg,  the  kine- 
matic viscosity  v , and  the  Prandtl  number  Np-  of  the  air  are  determined  at 
the  mean  of  the  wall  surface  temperature  and  the  total  air  temperature, 
(Tp+T0^)/'2.  If  the  air  velocity  V over  the  vail  is  not  defined  and  the  vail 
forms  the  boundary  of  a duct,  equation  (III-51)  may  also  be  written  as 


*Fo 


0.028 

~JS7l 


V" 


ft* 

sar 


)V3 


,0.8 


(m-52) 


vhere  G is  the  weight  rate  of  air  flow  per  unit  duct  area  and  the  absolute 
viscosity  ju.  is  determined  at  (Tp+T0^)/2. 

Equations  (III-51  and  -52)  are  actually  based  on  the  local  heat  trans- 
fer coefficient,  as  determined  by  the  location  x relative  to  the  leading 
edge  of  the  surface.  It  can  be  applied  to  a short  compartment,  one  to  two 
feet  long,  by  using  for  x the  distance  to  the  midpoint.  However,  if  the 
compartment  extends  to  the  meat  forward  point  of  the  vail  surface,  or  very 
near  to  it  and  is  of  appreciable  length,  Kp0  should  be  based  on  the  average 
heat  transfer  coefficient.  When  x is  redefined  as  the  over-all  length  of 
the  wall  surface  from  the  leading  edge  to  the  aft  end  of  the  compartment 
vail,  the  constant  in  equations  (IH-51  and  -52)  is  changed  from  0.028  to 
O.O36  to  give  the  average  value  of  Ep0  for  the  entire  surface. 
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CAICUIATION  HUHFLE 

The  following  is  presented  as  an  abbreviated  numerical  revue  of  the 
calculation  methods  and  application  of  heat  transfer  equations  given  in  the 
preceding  parts  of  this  Section. 

The  temperature-time  histories  of  the  various  idealized  parts  consti- 
tuting a small  compartment  in  a ramjet  center  body  are  to  be  investigated 
for  a given  flight  plan.  The  compartment  is  a short  cylinder  located  on 
the  average  3*3  feet  from  the  forward  tip  of  the  center  body.  The  compart- 
ment end  walls  are  insulated  so  that  heat  flow  through  these  surfaces  can 
be  neglected.  The  stainless  Steel  skin  has  a moderate  insulation  thickness 
within  the  compartment.  The  compartment  contains  two  types  of  equipment 
items.  Mechanical  components  of  high  bulk  density  and  large  thermal  ca- 
pacity which  are  relatively  insensitive  to  high  temperature,  and  electronic 
components  of  low  bulk  density  and  smaller  thermal  capacity  which  are  sen- 
sitive to  high  temperature.  Since  the  flight  plan  is  such  that  heat  flow 
into  the  compartment  is  to  be  expected,  the  electronic  components  are  insu- 
lated. There  is  no  heat  transfer  by  conduction  between  the  components  and 
tne  skin.  The  compartment  is  pressurized  by  ram.  Free  convective  condi- 
tions are  assumed  to  exist. 


1.  Characteristics  of  Thermal  Regions  (Figure  III-l) 

A.  Electronic  components  (represented  by  one  box) 

Heat  generation  rate,  q~  - 670  Btu/hr 
Surface  area,  A&  • 

Thermal  capacity,  CA  « 8.88  Btu/°F 

(71  lb  at  mean  specific  heat  of  0.12 5 Btu/lb-°F) 

B.  Insulation  on  component  box 

Inner  surface  area,  • 5*11  ft2 
°uter  surface  area,  Ag  *>  5*76  ft5* 

Thickness,  Lg  - 0.029  ft 
Thermal  capacity,  Cg  ■ 0.47  Btu/°F 

(2.35  lb  at  specific  heat  of  0.2  Btu/lb-°F) 

Radiation  characteristics 
to  skin  insulation,  £gfgg  " 0*25 
to  other  components,  e gfgg  » 0.25 

(based  on  assumed  mean  emissivity  of  0.5  and  fraction 
of  radiation-exchanging  surface  area  also  of  0.50) 

C.  Mechanical  components  ( non-critical,  represented  by  one  unit) 

Surface  area,  Ag  « 5*11  ft2 
Thermal  capacity,  Cg  » 33.4  Btu/°F 

(150  lb  at  mean  specific  heat  of  0.223  Btu/lb-°F) 
Radiation  characteristics 
to  skin  insulation,  ^gfgg  ■ 0.25 
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Insulation  of  skin 
Inner  surface  area,  Ag  ■ 5«95  ft^ 

Outer  surface  area,  Ap  - 6.28  ft^ 

Thickness,  Lg  ■ O.OI48  ft 
Thermal  capacity,  Cg  ■ 0.9li  Btu/°F 

(U.7  lb  at  specific  heat  of  0.2  Btu/lb-°F) 

F.  Compartment  skin 

Surface  area,  Ap  - 6.28  ft^ 

Thermal  capacity,  Cp  ■ U.2 3 Btu/°F 

(38.5  lb  stainless  steel  at  specific  heat  of  0.11  Btu/lb-0?) 


Conductances 

a.  K^g  (equation  III-31*) 

kg  ■ 0.03  Btu/hr-f t^-( °F/f t ) . (assumed  constant  with 
temperature  change; 

0.03(5.11+5.76)  _ _ . o_ 

%B  * L * 2*63  Btu/hr-°F 

b.  Kg^j  (equation  III-38) 

Kgc  » 0.172x0.25x5.763®^  • 0.0025  BgQ 

where  - [(Tb/100)1*-(Tc/100)^]/(Tb-Tc) 

c.  Kgg  (equation  II 1-39) 

%D  * ^*7^  aT(Tg-Tg)^/3 

d.  KgE  (equation  111-1*6) 

Kgp  * 0 .172x0 .25*5 .76xBgg  ■ 0.0025  Bgg 

e.  (equation  111-1*7) 

K^g  • 0.172x0.25x5. HxBce  • 0.00221  B^g 

f.  Kpg  (equation  IH-U8) 

% - 5.11  a'dc-Tg)1/3 

g.  Kgg  (equation  111-1*8) 

KDE  - 5.95  a^Tu-Tg)^ 
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h.  Kgp  (equation  III-50) 

kE  m 0.03  Btu/hr-ft2-(°F/lb),  assumed  constant 

% ■ - 3.85  Btu/hr-'* 


i.  Kp0  (equation  III-52) 


Since  the  compartment  is  short  axially,  and  is  located  some 
distance  from  the  forward  tip  of  the  center  body,  it  is  satisfactory  to  use 
equation  (III-52)  for  local  values  of  KEo,  as  applied  approximately  to  the 
axial  midpoint  of  the  compartment  surface.  Also,  any  conduction  along  the 
skin  surface  is  neglected.  Thus, 


%o 


0,028 

3.30*2 


x 6.28  x 


k(N^)V3 

yO.0.8 


g°.8 


- 0.1387 


kCNj*)1/3 


q0.8 


This  conductance  Kp0  determines  qp0  when  multiplied  with  the  available  tem- 
perature potential  which  is  the  difference  between  the  skin  temperature  Tp 
and  the  total  temperature  of  the  enveloping  air  flow  Tp-j..  Actually,  the 
latter  should  be  the  adiabatic  wall  temperature  which  is  lower  than  T0^  and 
depends  on  a recovery  factor  which  is  determined  by  the  surface  configura- 
tion and  the  air  temperature  conditions  surrounding  the  compartment  surface. 
In  this  example,  these  conditions  are  not  well  defined.  Therefore,  equation 
(HI-52)  is  used  since  at  supersonic  flight  speed  the  mass  velocity  G and 
the  total  temperature  may  be  defined  directly  by  the  flight  Mach  number  and 
the  atmospheric  pressure  and  temperature  conditions,  providing  the  total 
flow  entering  the  diffuser  passes  over  the  center  body  surface  and  no  prior 
heat  addition  takes  place. 


3.  Initial  Conditions  and  Flight  Plan 

During  the  brief  operation  prior  to  flight,  the  following  tempera- 
tures are  attained: 

Ta  - 572 °R  Tb  - $6U°R  Tc  « 56o°r 

Td  - 562°R  Te  - 560 °R  Tp  « 560°R 

Conditions  during  the  flight  plan  are  pre-defined  in  terms  of  flight 
speed  and  altitude.  This  determines  the  variation  of  Tct  based  on  total 
conditions  and  of  G,  Based  on  knowledge  of  the  extent  to  which  the  center 
body  is  pressurized  in  relation  to  the  ram  pressure  rise  (here  per  cent) 
the  .variation  of  the  relative  pressure  <f  with  time  is  found.  G0,8  and 
£2'3,  as  used  in  various  equations  for  conductances,  and  T0^  are  plotted 
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versus  flight  time  in  Figure  111-3/  and  describe  the  flight  conditions  fully 
far  purposes  of  calculation. 

It  is  also  convenient  to  use  plots  of  other  variables  as  calculation 
aids  such  as  a'/<f  2'3  (Figure  AlV-2)  and  (kCNpp)1/^)/^0*0  (Figure  HI-4) 
versus  temperature  in  and  the  radiation  temperature  factor  B versus 
(Ta+Tb)/100  (Figure  AlV-1). 


U-  Calculation  Procedure 


The  application  of  the  calculation  methods  previously  discussed 
is  illustrated  in  the  following  fear  a time  interval  beginning  at  t»  0.3 
hour  after  initiation  of  flight  conditions.  The  initial  temperature  condi- 
tions at  t ■ 0.3  are 


Ta  - 607°R 
Td  - 693°R 


Tb  - 67U°R 
Te  - 82U°R 

" l3*3°ft 


Tc  - 567°R 
Tf  - 13U3°R 


a.  Time  Interval  Duration 


From  equation  (III-17), 
at  - 


Cm 

■^5 


and  1b  determined  from  one  of  bodies  A through  F which  gives  the  smallest 
at.  Thus, 

For  A,  at  - CaAab  “ 8.88/5.63  - 1.578 

Far  B,  at  « Cp/ ^ %B+KBC+KBD+KBe) 

Kpc  - 0.002 5B0Q  - 0.0025x965  - 2 .1*1 

KgD  - 5.76x0.178x0.582x2.67  - 1.58 

where  a*//2/3  ■ 0.178  (from  Fig.  AI7-2  at  683.5°R),  <f2/3  - 0.582  (from 
Fig.  m-3),  and  (Td-Tb)V3  . (693-674)V3  • 2.67. 

Kbe  - 0.0025BSE  - 0.0025x1710  - U.27 

AT  - 0 .47 ( 5 .63+2 .4l+l .98+4 .27 ) - 0.47/13.89  - 0.0338 

Far  C,  AT  ■ CcAKQg+KQp+Kjpg) 

■Kcd  - 5.11x0.188x0.582x5.01  - 2.80 
where  a’/ <f 2^3  • 0.188  (from  Fig.  AlV-2  at  630°R),  and  (Tb-Tq)^/3  • 
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(693-567)1/3  - 5.01. 

Kqe  • 0.00221Bce  « 0.0022x1610  - 3*56 

at  - 33 .4/(2  .41+2.80+3.56)  « 3.81 

Since  the  thermal  capacity  of  the  air  D is  neglected,  the  air  does  not  in- 
fluence the  choice  of  at. 


Far  E,  , at  » Cg/(Kgg4Kjg4Kjj)+Kjj>) 


%)  - 5.95x0.166x0.582x5.06  • 2.90 

where  a’/<^/3  » 0.167  (ft can  Fig.  AlV-2  at  758.5°R),  and  (Te-Td)1/3  . 
(82U-693)2/3  - 5.06.  ^ D 

at  - 0.94/(4. 27+3.56+2. 90+3.85)  - 0.94/14.58  - 0.0645 


For  F,  at  - CF/(KFE+KFo) 

KFg  - 0.1387x0.2078x71*00  - 213 

)V3/^0.8  . o.2078ft  from  Fig.  III-4,  at  (TF+T0t)/2  - 
- 13U8°R  , and  Qu*°  • 71*00  (from  Fig.  III-3  at  t - 0.3). 


where  kCNj*. 
(l3l*3+1353)/2 


at  « U.23/C 3.85+213)  - 0.0196 


The  time  interval  calculated  for  F is  the  shortest  and  should  be  used  far 
calculation.  This  could  have  been  predicted  from  previous  calculations  be- 
cause the  ratio  of  CF/KFo  '*ould  be  significantly  small  throughout  the  flight 
plan.  The  calculated  value  for  At  is  rounded  up  to  0.02  for  the  purpose 
of  determining  the  resulting  changes  of  temperature. 


b.  F-Factors 

From  the  conductances  determined  above,  the  chosen  time  in- 
terval At  • 0.02  hr,  and  the  known  thermal  capacities  the  F-f actors  are 
determined  next,  as  follows. 


fab 
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5.63x0.02/8.88 
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0.0127 

(III-9a) 
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(III-9c) 

fbc 
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2.41x0.02/0.47 

S3 

0.1023 

(III-9b) 

fbd 
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1.58x0.02/0.4? 

£3 

0.0672 

(III-9e) 

fbe 

«* 

4.27x0.02/0.47 

S3 

0.1815 

(III-9f) 

fcb 

as 

2.41x0.02/33.4 
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0.0011*43 

(III-9h) 

fcd 
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2.80x0.02/33.4 
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0.001678 

(III-91) 

fce 

S 

3.56x0.02/33.4 
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0.002132 

(III-9j) 

feb 
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4.27x0.02/0.94 
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0.0908 

(in-91) 
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F^  - 3.56x0.02/0.91; 
Fjjj  - 2.90x0.02/0 .94 
Fgp  - 3.85x0.02/0.91 
Fpg  - 3.85x0.02/l;.23 
FFo  - 2. 13x0 .02/1;  .23 
Fdb  - 1.58/(1.58+2.80+2.90)  - 

Fjjq  - 2.80/7.28  - 

Fde  - 2.90/7.28  - 


- 0.0758 

(III-9m) 

- 0.0617 

(III-9n) 

« 0.0820 

(III-9o) 

« 0.0182 

(HI-9q) 

- 1.007 

(m-9r) 

1.58/7.28  - 0.217 

(III-9t) 

0.384 

(m-9u) 

0.398 

(III-9v) 

c.  Temperatures  at  End  of  Interval 

Using  slide  rule  computations,  the  temperatures  at  the  end  of 
AT  ■ 0.02,  t » 0.32,  are  determined  from  Table  III-2,  omitting  items  (l5) 
through  (18)  since  q^0,  qg0,  qj)0  and  q£0  are  all  zero.  The  numerical  values 
for  this  time  interval  are  listed  as  follorrs. 


A 

B 

C 

D 

E 

F 

(1) 

607 

674 

567 

693 

824 

1343 

(2) 

-67 

0.85 

-16.08 

(3) 

107 

-10.96 

0.15 

(4) 

-19 

1.28 

(5) 

-150 

27.20 

-13.64 

(6) 

-257 

o.55 

-19.49 

(7) 

126 

0.21 

(8) 

-131 

—8 .08 

(9) 

-519 

42.56 

-9.45 

(10) 

-10 

10.07 

(n) 

1.44 

0.31 

02) 

0.91 

0.35 

(13) 

1.29 

o.5l 

(14) 

670 

1.51 

(19) 

2.36 

1.44 

0.91 

1.17 

1.35 

0.62 

(20)  V.2 

609.4 

675.4 

567.9 

694.2 

825.4 

1343.6 

5.  Results 


Figure  II 1-5  contains  plots  of  all  temperature  variations  with 
time,  obtained  by  interval  calculations  made  by  the  methods  illustrated  in 
the  preceding  sub-section  (4).  It  is  apparent  that  the  choice  of  the  time 
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internal  made  in  (ka)  was  satisfactory  because  the  end  temperatures  deter- 
mined in  (l*c ) are  seen  to  fall  on  the  various  curves.  Only  Tp  appears  to 
oscillate  slightly  about  its  mean  value  -which  remains  practically  constant 
at  13k3°R  after  0.1  hour  flight  time.  The  choice  of  a larger  time  interval 
in  (ka)  -would  have  effected  a greater  rise  of  Tp  which  would  have  been  com- 
pensated by  a drop  in  Tp  during  the  next  time  interval.  In  the  later 
stages  of  the  analysis,  the  time  interval  may  be  increased,  since  the  time 
interval  is  determined  by  Cp/(Kpp+Kp0)  and  G^*”  and  with  it,  K?0  decreases 
with  time.  Comparing  Tp  arid  T0-t  in  Figure  III-5,  it  is  apparent  that  the 
time  lag  in  heating  up  the  skin  is  relatively  small  because  of  the  small 
magnitude  of  Cp/Kp0.  Thus,  subsequent  variations  in  KFo  because  of  reduced 
weight  flow  of  atmospheric  air  over  the  skin  surface  have  almost  no  effect 
on  the  skin  temperature.  The  temperature  of  the  electronic  equipment  T^ 
remains  relatively  unaffected  by  the  initial  skin  temperature  variation  be- 
cause of  intervening  thermal  barriers  and  capacities.  In  this  example,  as- 
sumption of  a constant  skin  temperature  of  1353°R,  from  the  time  at  which 
the  flight  is  initiated,  would  have  negligible  effect  on  the  variation  of 
equipment  temperature,  but  would  simplify  the  calculations. 
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SECTION  IV 


TEMPERATURE  RISE  OF  AN  AIRCRAFT  SKIN  IN  SUPERSONIC 

FLIGHT 


By  T.  C.  Taylor  and  Y.  H.  Sun 


Heat  transferred  between  the  atmosphere  and  equipment  within  an 
aircraft  compartment  must  pass  through  the  aircraft  skin  and  the  air 
film  adhering  to- the  outside  of  the  skin.  Therefore,  the  thermal  ca- 
pacity of  the  skin  and  the  external  film  heat  transfer  coefficient  are 
factors  to  consider  in  the  ajialysis  of  aircraft  equipment  heat  transfer 
processes.  The  film  coefficient  is  involved  in  both  steady-state  and 
transient  heat  transfer  processes,  while  the  thermal  capacity  is  in- 
volved in  transient  processes  only.  An  analysis  is  made  here  to  study 
the  importance  of  these  two  factors  in  transient  skin  heating  problems. 
The  analysis  is  pertinent  to  the  skin  heating  effects  that  occur  when 
an  aircraft,  whose  skin  is  initially  at  low  or  moderate  temperatures, 
is  suddenly  launched  or  accelerated  into  supersonic  flight  at  constant 
flight  speed  and  altitude.  The  analysis  is  made  with  a view  towards 
possible  simplification  of  computational  procedures  in  the  study  of  tran- 
sient equipment  temperatures . 


SUMMARY 

Heat  transfer  by  convection  to  an  aircraft  skin  in  supersonic  flight 
is  analyzed.  A thin  metallic  skin  is  assumed,  and  the  temperature  gra- 
dient through  the  skin  is  neglected.  Equations  are  developed  which  de- 
scribe the  effects  of  heat  flux,  flight  altitude,  flight  speed,  and  skin 
thermal  capacity  on  the  skin  temperature  rise  characteristics  at  constant 
flight  speed  and  altitude.  The  basic  heat  balance  equation  developed  is 
a first  order  differential  equation  and  is  formally  integrated  to  give 
an  explicit  solution  for  the  time  required  for  a given  skin  temperature 
rise,  corresponding  to  a set  of  assigned  physical  and  flight  conditions. 
Calculation  procedures  are  developed  for  applying  the  solution  to  the 
case  of  an  aircraft  skin  which  is  initially  at  low  temperature  and  sud- 
denly accelerated  to  high  speed  flight.  The  solution  and  calculation  pro- 
cedures are  based  on  turbulent  flow  conditions  over  the  skin. 

Calculated  results  are  given  for  a number  of  conditions  to  show  the 
qualitative  effects  of  heat  flux,  flight  altitude,  flight  speed,  and  skin 
thermal  capacity  on  skin  temperature  rise  characteristics.  The  effects 
and  their  significance  can  be  summarized  as  follows: 

a.  A skin  in  supersonic  flight  at  constant  speed 
and  altitude  tends  to  approach  a limiting  tem- 
perature in  a short  time.  If  there  is  no  heat 
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flow  through,  the  skin,  the  limiting  temper- 
ature is  the  adiabatic  wall  temperature. 

With  heat  flow,  the  skin  approaches  a tem- 
perature sufficiently  below  adiabatic  wall 
temperature  to  provide  the  necessary  temper- 
ature potential  across  the  external  air  film. 

The  difference  in  limiting  skin  temperatures 
is  small  for  heat  flux  rates  of  zero  and 
800  Btu/hr-fx  at  Mach  3*5  and  altitude  60,000 
feet.  This  suggests  that  the  assumption  of 
a constant  skin  temperature  in  analyzing  heat 
transfer  processes  between  the  skin  and  equip- 
ment would  introduce  small  error,  although 
heat  flux  between  the  skin  and  the  equipment 
would  vary  somewhat  with  time.  The  use  of 
this  simplifying  assumption  is  justified 
particularly  for  cases  where  the  flight  time 
is  long  compared  to  the  initial  period  of 
skin  temperature  rise.  For  a flight  time  of 
ten  times  the  initial  period  of  skin  temper- 
ature rise,  the  assumption  is  quite  accurate. 

b.  Flight  altitude  affects  skin  temperature  rise 
characteristics  appreciably  due  to  variation 
of  air  pressure  with  altitude.  At  high  alti- 
tudes the  lowered  air  pressure  causes  reduced 
external  convection  heat  transfer  coefficients, 
resulting  in  slower  heating  of  the  skin.  For 

a Mach  number  of  3.5  and  a 0.064-inch  thick 
stainless  steel  skin,  the  time  required  for 
the  skin  to  undergo  a given  temperature  rise 
is  Increased  about  ten-fold  by  going  from 
40,000  to  100,000  feet.  Therefore,  the  as- 
sumption of  a constant  skin  temperature  for 
flights  of  short  duration  is  relatively  more 
valid  at  low  altitude  than  at  high  altitude. 

c.  The  principal  effect  of  flight  speed  on  tem- 
perature rise  characteristics  of  a skin  is 
the  dependence  of  adiabatic  wall  temperature 
on  flight  speed.  The  time  required  for  a skin 
to  heat  within  a few  degrees  of  its  limiting 
temperature  decreases  a little  with  increased 
flight  speed,  but  this  time  is  principally  de- 
termined by  other  factors  unrelated  to  speed. 

c..  The  time  required  for  a given  temperature  rise 
of  a skin  is  nearly  proportional  to  the  skin 
thermal  capacity,  or  skin  thickness.  There- 
fore the  assumption  of  constant  skin  temperature 
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for  internal  heat  transfer  analyses  is  re- 
stricted to  long  flight  durations  in  the 
case  of  thick-skinned  aircraft  compartments. 


ANALYSIS 

1.  Assumptions  for  Analysis 

A section  of  an  aircraft  skin  is  shown  schematically  in  Fig- 
ure IV- 1.  The  outer  face  of  the  skin  is  exposed  to  air  flow  at  super- 
sonic speed,  giving  rise  to  aerodynamic  heating  effects. 


Figure  IV- 1 Schematic  of  Aircraft  Skin 

It  is  assumed  that  heat  flow  takes  place  through  the  wall  and  into  the 
compartment . A thin  metallic  skin,  such  as  stainless  steel  is  assumed. 
This  permits  assigning  a uniform  temperature  Ty.  to  the  skin,  since  the 
temperature  drop  between  the  parallel  surfaces  of  the  skin  is  very  small 
and  negligible,  compared  to  other  factors  in  the  analysis.  In  any  prac- 
tical case,  the  heat  flow  away  from  the  inner  face  of  the  skin  would  vary 
as  it  is  dependent  both  on  skin  temperature  and  on  thermal  and  physical 
conditions  in  the  compartment c However,  in  this  analysis  the  heat  flue 
will  be  taken  as  constant  since  It  is  desired  only  to  show  the  effects 
of  magnitude  of  the  heat  flux  on  skin  heating  characteristics.  It  Is  al- 
so assumed  that  the  thermal  capacity  of  a unit  skin  area  is  constant,  in™ 
plying  a constant  specific  heat  for  the  skin  material. 
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2.  Nomenclature 


Symbol 


Definition 


Units 


A,B,  Constants  of  integration 

Alt.  Altitude 

a,b,c,d  Substitution  constants 
c specific  heat  at  constant  pressure 

cv  Specific  heat  at  constant  volume 

g Gravitational  constant  = 4.17  x 10° 

h Coefficient  for  forced  convection 

heat  transfer 

J Mechanical  equivalent  of  heat  = 77^ 

k Thermal  conductivity 

M Flight  Mach  number 

m weight  of  skin  per  unit  area 

Rr  Prandtl  modulus 

P Pressure 

q Heat  flow  or  storage  rate  per  unit 

skin  area 

R Gas  constant  for  air  » 53 • 3 

Re  Reynolds  modulus  of  ux 

n 

r Recovery  factor 

T Absolute  temperature 

u Flight  speed 

v Substitution  variable 

w Skin  thickness 

x Characteristic  length 

Of  Weight  density 

Ratio  of  pressure  to  Bea  level 
standard  conditions 

e0  Ratio  of  temperature  to  sea 

level  standard  conditions 
p Viscosity 

T Time 

T*  Time 


Btu/lb-°R 

Btu/lb-°R 

ft/hr2 

Btu/hr-ft2-°R 

ft-lb/Btu 

Btu/hr-ft-°R 

dimensionless 

lb/ft2 

dimensionless 

lb/ft2 

Btu/hr-ft2 

ft-lb/lb-°R 

dimensionless 


in. 

ft. 

Ib/ft3 

atmospheres 


lb/ft-hr 

hr 

min 


Subscripts 


Denotes  initial  value 
Denotes  adiabatic  wall  temperature 
Refers  to  compartment 
Denotes  limiting  temperature 
Denotes  external  or  outside  value 
Denotes  local  static  temperature 
Refers  to  stored  quantity 
Refers  to  skin 
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3.  Derivation  of  Equations 


The  heating  or  temperature  rise  characteristics  of  the  skin 
shown  in  Figure  IV-1  can  be  described  by  writing  a heat  balance  equation 
for  the  skin.  If  heat  is  transferred  to  the  skin  from  the  external  air 
at  the  rate  q^,  stored  in.  the  skin  at  the  rate  and  transferred  from 
skin  to  the  compartment  at  the  rate  qc,  the  heat  balance  is, 

<lo  = <ls  + <lc  (IV_;L) 

The  heat  transfer  rate  to  the  skin,  q^,  is  given  by  the  equation 
(Ref.  (IV-1)), 


% = ho(Ted‘Tw^ 


(rv-2) 


where  hQ  is  the  external  film  heat  transfer  coefficient,  which  must  be 
selected  consistent  with  the  external  air  flow  conditions  and  the  skin 
temperature.  Reference  (TV-1)  gives  point  heat  transfer  coefficients 
for  supersonic  air  flow  over  a flat  plate.  If  flow  over  the  skin  is 
laminar, 

hQ  = 0.0077(^)°'5  (IV-3) 


If  flow  over  the  skin  is  turbulent, 

h « 0.0212  IuP}°‘o  (Tvr°-5  (IV-4) 

0 (x)0*2 

For  values  of  the  Reynolds  number,  ( Tux/ii),  greater  than  5 x 10p  the 
flow  is  turbulent,  while  for  Reynolds  numbers  less  than  8.4  x 10  , the 
flow  is  laminar.  For  values  between  8.4  x K r and  5 x Kt  either  type 
of  flow  is  possible.  The  Reynolds  number  is  evaluated  at  skin  temperature. 
It  will  be  shown  later  that,  for  the  cases  of  interest  here,  the  flow  is 
turbulent,  so  that  equation  (IV-4)  is  used  to  define  hD.  The  adiabatic 
wall  temperature,  T&^,  of  equation  (IV-2)  depends  on  the  local  static  tem- 
perature of  the  atmosphere,  the  flight  speed,  and  the  recovery  factor,  as 
defined  by  the  relationship  (Ref.  IV-l): 


(rv-5) 


where  Cp  is  evaluated  at  Tqs . If  the  recovery  factor  r = 1,  equation 
(TV-5),  gives  the  total  or  stagnation  temperature.  The  recovery  factor 
can  be  taken  as  (Ref.  (TV-1)) 

r =/Pr  (laminar  flow)  (IV-6) 

r =]fPx  (turbulent  flow)  (IV-7) 
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The  recovery  factor  should  be  evaluated  at  skin  temperature.  For  prac- 
tical purposes,  however,  it  is  sufficiently  accurate  to  evalueat  r at 
Tad,  since  Pr  varies  only  from  0.9C&  at  -100°F  to  O.863  at  l600°F,  so 
that  the  recovery  factor  is  substantially  constant  even  for  large  changes 
in  skin  temperature . For  cases  of  constant  flight  speed  and  altitude, 

T and  u are  also  constant,  giving  a constant  value  of  T , . 
os  ’ ad 

The  heat  storage  rate  of  the  skin  qg  is  given  by  the  equation 

Os  = mwcw  dV  (IV-8) 

dt 

where  the  thermal  capacity  product  m^c^.  refers  to  a unit  skin  area,  and 
is  determined  by 

mwcw=7wcwir  (^-9) 

12 


for  the  skin  thickness  w in  inches. 

Equations  ( TV-1, -2, -4, -8)  are  combined  and  rearranged  to  give, 
(uP)°-8 


( W ■ (T“)0'5  s^yv0*’  <«»> 


w 

This  is  simplified  in  form  by  making  the  substitutions, 

(Tad). 


a = 


t 0.21 2\ 

(UP)0*8 

v 2mwcvy 

*0.2 

b = 


-!c 


2*WCW 


c = 


giving 


„ . -y£ dv 

a + dv  + cv^ 


dr  . 


(iv-11) 


For  constant  flight  speed  and  altitude  a,  b,  and  c 
fore,  equation  ( IV-11)  may  be  integrated  to  give, 

~t  = z £0  logp(a  + bv  + cv2)  + t>2-2ac/  -2 

c 2c2  2c2 


are  constants.  There- 


(IV- 12) 

tanh"1  2cv_+_b\  + a 

j 
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where  d = 4ac-b2,  and  A is  the  arbitrary  constant  of  integration,  which 
must  be  established  by  assigning  a particular  value  to  Tw  corresponding 
to  T = 0. 


If  the  inner  face  of  the  skin  in  Figure  IV-1  is  perfectly  insu- 
lated, so  that  there  is  no  heat  flow  through  the  plate,  the  value  of 
in  equation  (IV-1)  is  zero.  For  this  case,  equation  (IV-12)  reduces 
to 


= ^ad 
■■2c 


log, 


j/^ad 

V5& 


+ V 


+ V 

c 


- + B, 


(IV- 13) 


where  B is  the  arbitrary  constant  of  integration,  which  must  be  estab- 
lished by  assigning  a particular  value  to  Tw  corresponding  to  ~b  = 0. 

Equations  ( IV-12)  and  (IV-I3)  are  derived  for  turbulent  flow,  and 
therefore  should  not  be  used  if  the  Reynolds  number  is  in  the  laminar 
flow  region.  If  the  flow  is  laminar,  equations  (IV-1, -2, —3,-8)  are 
used  to  derive  an  equation  for  the  skin  temperature  rise  with  time.  The 
equation  for  laminar  flow  is  easily  derived  and  is  simpler  in  form  than 
equat ion  ( IV- 12 ) . 

4.  Procedure  for  Calculating  Skin  Temperature  Rise 

A method  for  calculating  skin  temperature  rise  using  equation 
(IV-12)  or  (lV-13)  is  described  here.  Detailed  calculation  procedures 
and  sample  calculations  are  appended  to  this  section. 

Since  equations  ( IV-12)  and  (IV-I3)  are  derived  for  turbulent 
flow,  the  Reynolds  number  must  be  calculated  first  to  determine  if  the 
air  flow  over  the  skin  is  laminar  or  turbulent.  Fluid  properties  of 
the  Reynolds  number  are  evaluated  at  skin  temperature . The  lowest 
Reynolds  number  occurs  at  the  highest  skin  temperature,  since  the  air 
density  is  at  its  lowest  value,  while  viscosity  is  at  its  highest  value. 
Therefore,  if  the  flow  at  a skin  temperature  equal  to  the  adiabatic 
wall  temperature  is  turbulent,  the  flow  conditions  would  have  to  be  tur- 
bulent for  any  skin  temperature  lower  than  this  limiting  value. 

The  adiabatic  wall  temperature,  T ,,  is  calculated  using  equa- 
tions (lV-5)  and  (IV-7).  The  value  of  Tog  is  determined  directly  from 
the  NACA  standard  Atmosphere  given  in  Table  AT-1.  The  table  gives  values 
of  90  corresponding  to  altitude,  where  TQS  = 5190Q.  It  is  then  neces- 
sary to  assume  a value  of  Tad  to  evaluate  r with  equation  (IV-7).  This 
value  of  r is  then  used  in  equation  (lV-5)  to  calculate  T&d.  If  the 
calculated  result  agrees  with  that  assumed  for  equation  (IV-7),  the 
value  of  Tad  is  accurate.  Otherwise  the  calculated  value  is  used  to  re- 
peat the  evaluation  of  r,  and  the  trial  and  error  process  is  repeated 
until  agreement  between  assumed  and  calculated  values  of  Tad  is  achieved. 
Because  of  the  small  variation  of  Pr  with  temperature,  agreement  be- 
tween calculated  and  assumed  values  of  T^  within  10°R  is  sufficient. 
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Values  of  the  Prandtl  modulus  are  given  in  Figure  AI-1. 


The  characteristic  length  x of  the  Reynolds  member  is  assigned 
a value  appropriate  to  the  skin  section  being  analyzed.  For  flow  past 
a flat  plate,  x is  the  distance  from  the  leading  edge  of  the  plate  to 
the  point  of  interest.  For  an  application  such  as  a ram- jet  centerbody, 
x can  be  taken  as  the  distance  from  the  nose  of  the  centerbody  to  a point 
about  midway  in  the  centerbody  skin  area  being  analyzed. 


The  flight  speed  u must  be  known  for  use  of  equation  (IV-5), 
equation  (IV-12),  or  for  calculating  Reynolds  number.  If  the  flight 
speed  is  given  in  terms  of  the  flight  Mach  number,  u can  be  calculated 
by 


u » 


(IV- 14) 


The  air  density  7 for  the  Reynolds  number  is  determined  from 
the  perfect  gas  law 


7=  _P_  (IV-15) 

R T , 
ad 

for  evaluation  of  the  Reynolds  number  at  minimum  value  conditions.  The 
pressure  P is  obtained  from  the  NACA  Standard  Atmosphere  of  Table  AI-1. 
This  table  gives  values  of  corresponding  to  altitude,  where  P * 21188  , 
The  use  of  ambient  pressure  is  strictly  correct  only  for  a flat  plate  0 
skin  on  the  outer  surface  of  the  aircraft.  For  an  application,  such  as 
a ram- jet  centerbody,  the  local  static  pressure  should  be  used  to  eval- 
uate 7.  Therefore  the  use  of  P = 21186  gives  values  of  Reynolds  number 
and  heat  transfer  coefficients,  oy  equations  (IV-3)  and  (IV-4),  which 
are  applicable  to  an  external  aircraft  skin  but  somewhat  low  for  a ram- 
jet centerbody  skin. 

With  the  flight  speed,  the  characteristic  length,  the  air  den- 
sity, and  the  air  viscosity  evaluated  at  T^  (Figure  AI-1),  the  Reynolds 
number  is  calculated  from 


Re  = (Tux)/p 

With  the  quantities  previously  determined,  the  substitution  con- 
stants a,  b,  and  c are  also  calculated.  Equation  (IV-12)  is  next  used 
with  an  assigned  value  of  the  substitution  variable,  v o/f"",  correspond- 
ing to  t=  0,  and  solved  for  the  constant  of  integration,  A.  It  is  then 
possible  to  solve  equation  (IV-12)  for  any  value  of  T corresponding  to 
any  value  of  T in  the  range  from  the  initial  value  assigned  to  determine 

A to  the  limiting  value  of  T = T where  r = 00. 
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Equation  (IV- 13)  for  the  case  of  no  heat  flow  through  the  skin 
is  solved  in  similar  fashion. 


EFFECTS  OF  PRINCIPAL  VARIABLES  ON  SKIN  TEMPERATURE  RISE 
1.  Beat  Flux  Through  the  Skin 

The  effect  of  heat  flux  on  the  temperature  rise  of  a skin  in 
supersonic  flight  is  Shown  in  Figure  IV-2.  For  the  cases  shown,  it  is 
assumed  that  the  skin  is  initially  at  392°R,  the  ambient  temperature  in 
the  isothermal  layer,  and  that  the  aircraft  is  suddenly  accelerated  in- 
to flight  at  Mach  number  3.5,  altitude  60,000  ft.  The  upper  curve  rep- 
resents the  case  of  no  heat  flux  through  the  skin  and  the  lower  curve 
represents  the  case  of  ^ * 800  Btu/hr-ft2.  The  characteristic  length 
for  the  Reynolds  number  evaluation  and  heat  transfer  coefficient  eval- 
uation is  3 feet,  which  gives  a minimum  Reynolds  number  evaluated  at 
adiabatic  wall  temperature  of  1.05  x 10^.  This  is  well  within  the  tur- 
bulent flow  region. 

When  there  is  no  heat  flux,  the  skin  temperature  approaches  the 
adiabatic  wall  temperature  (1230°R)  as  a limit.  With  heat  flux,  the 
skin  approaches  some  temperature . sufficiently  below  the  adiabatic  wall 
temperature  to  provide  temperature  potential  for  the  heat  flux  through 
the  air  film.  In  either  case  it  is  apparent  that  the  skin  achieves  sub- 
stantially its  limiting  temperature  within  four  minutes  flight  time. 

The  tick  marks  at  the  beginning  of  the  horizontal  portion  of  the  curves 
indicate  the  time  at  which  the  skin  temperature  Is  only  2°R  below  its 
limiting  -value.  This  sfcme  indication  is  used  in  succeeding  plots. 

The  small  difference  in  limiting  temperatures  between  qc  = 0 
and  qc  = 800  Btu/hr-ft2  indicates  that  considerable  variation  in  heat 
flux  could  occur  during  a flight  without  having  appreciable  effect  on 
the  skin  temperature . This  suggests  the  possibility  of  analyzing  heat 
transfer  processes  between  the  skin  of  a compartment  and  any  equipment 
within  by  using  a constant  skin  temperature,  since  variations  of  heat 
flux  between  the  skin  and  equipment  would  not  have  sufficient  effect  to 
change  the  skin  temperature  appreciably.  Figure  IV-2  indicates  that  the 
skin  temperature  selected  for  such  an  analysis  should  be  selected  appro- 
priate to  the  order  of  magnitude  of  the  estimated  heat  flux.  If  the  heat 
flux  is  small,  the  adiabatic  wall  temperature  is  used.  If  the  heat  flux 
is  large,  the  external  film  heat  transfer  coefficient  should  be  evalu- 
ated using  equation  (IV-3)  or  (IV-4)  and  the  appropriate  skin  temperature 
determined  from  equation  (IV-2).  By  means  of  such  a preliminary  calcu- 
lation, the  evaluation  of  external  film  heat  transfer  coefficients  is 
eliminated  from  the  calculation  of  heat  transfer  between  the  external 
air  and  equipment  within  the  aircraft  thus  reducing  labor  in  making  cal- 
culations. It  is  obvious  from  the  results  shown  that  a constant  skin 
temperature  could  not  be  assumed  for  a very  short  flight.  The  use  of 
this  simplification  is  restricted  to  flight  durations  that  are  long 
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compared  to  the  initial  skin  heating  period.  The  heat  flux  is  seen  to 
have  little  effect  on  the  duration  of  this  initial  heating  period. 


2.  Flight  Altitude 

The  effects  of  flight  altitude  on  temperature  rise  c-n  a skin 
are  shown  in  Figure  IV-3.  The  cases  shown  are  for  no  heat  flow,  Mach 
number  3.5,  and  initial  skin  temperature  of  392°R.  The  minimum  Reynolds 
numbers  as  evaluated  at  adiabatic  wall  temperature  and  for  a characteris 
tic  length  of  3 feet  are  as  follows: 


Altitude 

40.000  ft. 

60.000  ft. 

80.000  ft. 

100,000  ft. 


Re 

2.72  x 10^ 
1.05  x 106 
4.03  x 105 
1.56  x 105 


The  values  of  Re  for  the  two  highest  altitudes  are  below  the  critical 
turbulent  value  of  Re  = 5 x 105  for  a flat  plate.  However,  since  they 
are  well  above  the  minimum  value  of  Be  = 8.4  x 10  for  transition  flow, 
turbulent  flow  heat  transfer  coefficients  are  used. 


The  plots  of  skin  temperature  versus  time  in  Figure  IV-3  show 
reduced  rates  of  heating  of  the  skin  with  increased  altitude.  Since  all 
cases  shown  are  for  the  same  flight  speed  and  for  the  ambient  temperature 
of  the  isothermal  layer,  the  difference  in  performance  is  due  to  the 
variation  of  air  pressure  with  altitude  only.  From  equation  (IV-4)  it 
is  apparent  that  the  film  heat  transfer  coefficient  is  proportional  to 
<p)0-8,  so  that  the  lower  pressure  at  higher  altitude  reduces  the  heat 
transfer  coefficient.  This  effect  is  important  in  its  relation  to  the 
assumption  of  a constant  skin  temperature  for  analyzing  heat  transfer 
between  the  skin  and  equipment.  The  assumption  iB  not  valid  for  flights 
at  very  high  altitude,  unless  the  flight  time  is  in  the  order  of  about 
100  minutes. 


3.  Flight  Speed 

The  effects  of  flight  speed  on  temperature  rise  of  a skin  are 
shown  in  Figure  IV-4.  The  cases  shown  are  for  no  heat  flux,  altitude 

60,000  feet,  and  initial  skin  temperature  392°R.  The  minimum  Reynolds 
numbers  an  evaluated  at  adiabatic  wall  temperature  and  for  a character- 
istic length  of  3 feet  are  as  follows: 


Mach  Number 

Re 

1.5 

1.79  x 106 

2.5 

1.49  x 10^ 

3-5 

1.05  x 10° 
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The  Reynolds  numbers  decrease  with  increasing  flight  speed  because  of 
the  change  in  adiabatic  wall  temperature . As  flight  speed  increase, 
adiabatic  wall  temperature  increases,  giving  reduced  air  density  and 
increased  viscosity.  Both  of  these  effects  tend  to  reduce  the  Reynolds 
number,  and  their  combined  effect  is  greater  than  that  of  flight  speed, 
which  tends  to  increase  the  Reynolds  number.  All  of  the  Reynolds  num- 
bers indicate  turbulent  flow. 

The  plots  of  skin  temperature  versus  time  given  in  Figure  ( IV- 4) 
indicate  that  the  time  required  for  the  skin  to  approach  very  close  to 
adiabatic  wall  temperature  is  decreased  slightly  for  increase  of  flight 
speed  from  Mach  a 1.5  to  Mach  = 3.5.  The  more  rapid  heating,  in  the  case 
of  the  higher  flight  speed,  results  from  the  higher  heat  transfer  coef- 
ficients at  higher  flight  speeds,  since  hQ  is  proportional  to  (u)  and 
the  greater  average  temperature  potential,  (T^-Ty).  The  higher  tempera- 
ture level  tends  to  decrease  heat  transfer  coefficients  at  higher  flight 
speeds  since  is  proportional  to  l/(Tw)0,5,  but  this  effect  is  dominated 
by  the  other  two.  It  is  therefore  concluded  that  the  validity  of  assuming 
a constant  skin  temperature  for  analysis  of  internal  equipment  heat  trans- 
fer processes  is  nearly  infependent  of  flight  speed  in  the  Bupersonic  range. 

4.  Thermal  Capacity 

The  effects  of  skin  thermal  capacity  on  the  temperature  rise 
of  a skin  in  supersonic  flight  are  shown  in  Figure  IV- 5.  The  cases 
shown  are  for  no  heat  flux,  altitude  60,000  feet,  and  flight  Mach  num- 
ber 3.5.  As  for  the  earlier .cases  under  these  conditions,  the  minimum 
Reynolds  number  is  1.05  x 10  , indicating  turbulent  flow  at  a character- 
istic length  of  3 feet.  The  skin  thermal  capacity  is  displayed  in  terms 
of  skin  thickness,  since,  by  equation  (lV-9),  thermal,  capacity  is  directly 
proportional  to  skin  thickness. 

The  plots  of  skin  temperature  versus  time  show  that  the  time 
required  for  a given  temperature  rise  is  almost  directly  proportional 
to  the  thermal  capacity  of  the  skin.  Therefore,  if  the  skin  thickness 
is  doubled,  the  time  required  for  it  to  rise  to  nearly  its  maximum  tem- 
perature will  be  approximately  doubled.  The  skin  thermal  capacity  is 
therefore  important  in  determining  the  validity  of  the  constant  skin 
temperature  assumption  for  interior  heat  transfer  processes.  A thick- 
skinned  missile  could  not  achieve  substantially  constant  skin  tempera- 
ture on  a flight  of  short  duration.  Therefore  the  effects  of  skin  ther- 
mal capacity  and  outside  film  heat  transfer  coefficient  would  have  to  be 
included  in  the  analysis  of  heat  transfer  between  the  air  and  the  equip- 
ment of  such  a missile. 
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Effects  of  Skin  Thickness  on 
Skin  Temperature  Rise 


APPENDIX  TO  SECTION  TV 


1.  Calculation  Procedures  and  Sample  Calculations 

Detailed  calculation  procedures  are  given  here,  together  with 
sample  calculations,  to  illustrate  the  use  of  equations  (IV-12)  and 
(TV- 13)  for  evaluation  of  skin  temperature  rise  in  supersonic  flight. 
There  procedures  are  based  on  turbulent  flow  conditions. 


Procedure  A«  Temperature  rise  of  an  aircraft  skin  in  supersonic 
flight  with  heat  flux  through  the  skin. 

Given  Data: 


Altitude  > 60,000  ft. 

Mach  number,  M * 3*5 

Initial  skin  temperature,  Tvl  » 392°R 

Stainless  steel  skin,  w = 0.064  in. 

cw  = 0.11  Btu/lb-°R 

= J+90  lb/ft3 


Characteristic  length,  x a 3 ft. 
Heat  flux,  qc  a 8 00  Btu/hr-ft2 


Calculate  time  when  Ty  a 900°R 


1.  Get  Tos  from  NACA  Standard  Atmosphere  in  Table  AI-1, 

Tos  » 5l9eo  0O  » 0.7561  Tos  - 519  X 0.07561  = 392°R 

2 . Calculate  , — 

u « RTos 

u a 3.5J1.4  X 4.17  X 108  x 53.3  X 392  a 1225  X lO^ft/hr 


3.  Assume  T . T » 1230°R 

J ad  ad 

4.  Evaluate  r « 3J~Pr  at  Tad'  using  physical  properties  of 

of  air  from  Figure  AI-1  at  T , 

ad 

r a ^.663  . 0.871 
2 

5.  Calculate  T , a T + r/  u \ 

84  08 


T a 3Q2  + (1225  x 104)^  x 0.871 

ad  J 2 x 4.17  x 10®  x 778  xO.24 

( for  0^  evaluated  at  392°R) 


1232°R 
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If  the  calculated  value  of  step  5 agrees  within  10° R 
with  the  assumed  value  of  step  3>  take  the  calculated 
value  as  correct.  Otherwise  use  the  calculated  result 
as  the  assumed  value  for  the  next  trial,  and  repeat  for 
agreement  within  10°R. 


6.  Get  P from  NACA  Standard  Atmosphere  of  Table  AI-1. 

P * 2118&,  « 0.0713  P = 2118  x 0.0713 

00  = 150.91b/ft2 

7 . Calculate 


1 « 150.9  = 0.0023  lb/ft 3 

53.3  x 1232 


8. 


Get  p at  from  physical  properties  of  air.  Figure 
AI-1  p = 0.08  lb/ft-hr 


9. 


Calculate 


Re=lS 

P 


Re t=  0.0023  x 1225  x IQ1*  x 3 

0.08 


1,056,000 


(this  value  indicates  turbulent  flow,  therefore  the 
remainder  of  the  procedure,  based  on  equation  (12), 
is  applicable). 


10.  Calculate 


m c 

w w 


Jj£-C' 


» 


12 


“HrSr  = 470  x 0.11  x 0.064  =0.288  Btu/°R 


12 


11.  Calculate 

a-= 


/0.212\f(uP)0*8 
a = 1.358  x 106 


(Tad) 


12.  Calculate 


b m - 

b = 


— 3c_ 

2mwcw 

-1391 
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13  • Calculate 


ta 


ad 

c - -1100 


14.  Calculate 


■A 


15 • Calculate 


wl 

vx  = 19„8°R 
2 


A = 


l?)+(^)los'("bvi+cvi>  ' (*2^)  [ ^k)  t“h'1  ] 

A ■ -1.108  x 10~2 

16.  Calculate 

v -yF » 71000 


w 

v - 31.62 


17 . Calculate 

(f ) ‘ (I?)  log«  (a+bv+<=’'2>  + (^5^)  75  tanh'\^)  + A 


t:  =0.01779  br 

or  V « 1.068  min 


Procedtire  B.  Temperature  rise  of  am  aircraft  skin  in  supersonic 
flight  without  heat  flux  throughtthe  skin, 

Given  Data: 

Same  as  example  of  Procedure  A,  except  q.c  ■ 0 Btu/hr-ft2 

Steps  1 through  13  of  Procedure  1 are  followed  to  evaluate  the 
Reynolds  number  and  determine  the  substitution  constant,  c. 

14.  Calculate 

V1  “ V^wi  aV392*R 
v1  = 19.8 

15.  Calculate 


B =-0.00232 
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Calculate 


v 


v 

=*  31*62 


17.  Calculate 

■ loe°{f^r)  * < c)  * B 

T=  0.01582  hr 
or  x9  = 0.95  min 

2.  Reference 

(IV-I)  Johnson,  H.A.  etal  A Design  Manual  for  Determining  the  Thermal 
Characteristics  of  High  Speed  Aircraft  Army  Air  Forces  Tech- 
nical Report  No.  56327  10  September  19^7,  Wright  Field,  Dayton, 
Ohio 
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SECTION  V 

TEMPERATURE  RISE  OF  EQUIPMENT  ±N  AN  UNCOOLED 
COMPARTMENT  DURING  SUPERSONIC  FLIGHT 

By  T.  C.  Taylor,  Y.  H.  Sun,  and  M.  L.  Smith 


Aircraft  equipment  will  not  always  require  cooling  in  supersonic 
flight,  even  though  the  flight  speed  may  be  great  enough  to  give  a skin 
temperature  considerably  above  the  maximum  allowable  equipment  tempera- 
ture. If  at  the  beginning  of  flight  the  equipment  is  below  its  maximum 
allowable  temperature , it  can  absorb  heat  because  of  its  thermal  capac- 
ity. The  quantity  of  heat  that  can  be  absorbed  in  this  way  is  propor- 
tional to  both  the  thermal  capacity  and  the  equipment  temperature  rise 
that  can  be  allowed  during  flight  time.  Where  the  combined  effect  of 
these  factors  is  great  enough,  operation  of  the  equipment  within  the 
proper  temperature  range  is  possible  without  cooling  for  flight  dura- 
tions of  practiced  interest.  Heat  absorbed  by  uncooled  equipment  con- 
sists of  heat  which  comes  into  the  equipment  compartment  through  the 
aircraft  skin  and  heat  which  is  generated  in  the  compartment  Itself. 

The  first  of  these  two  heat  loads  can  be  reduced  by  insulation  effects 
and  radiation  shielding.  The  generated  heat  load  usually  cannot  be 
reduced  In  an  uncooled  compartment  but  its  temperature -raising  effects 
can  be  minimized  by  increased  thermal  capacity  within  the  compartment. 

The  uncooled  equipment  compartment  has  the  merits  of  physical 
simplicity  and  reliability  of  performance.  Therefore  it  deserves  first 
consideration  in  seeking  a system  to  meet  desired  performance  .character- 
istics. 


SUMMARY 

The  temperature  rise  of  equipment  due  to  external  and  generated 
heat  loads  in  an  uncooled  compartment  is  considered.  The  external  heat 
load  is  assumed  to  consist  entirely  of  free  convection  and  radiation 
heat  transfer  from  the  portion  of  the  aircraft  skin  or  the  skin  insula- 
tion associated  with  the  compartment.  The  air  pressure  in  the  compart- 
ment is  assumed  to  be  constant  and  free  convection  heat  transfer  is 
described  by  using  coefficients  which  are  the  average  of  those  for  a 
number  of  regular  geometrical  shapes.  Thermal  capacities  of  skin  insu- 
lation and  air  in  the  compartment  are  neglected. 

Equations  are  developed,  based  on  a unit  skin  area,  to  describe 
radiation  and  free  convection  heat  transfer.  Calculation  procedures 
based  on  these  equations  are  given  in  a general  form.  The  variables 
describing  equipment  and  compartment  characteristics  are  expressed  on  a 
unit  skin  area  basis,  permitting  wide  application  of  the  method. to  the 
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study  of  factors  significant  to  the  time  - temperature  performance  of 
equipment  in  an  uncooled  compartment . The  significant  variables  studied 
are  equipment  thermal  capacity,  skin  insulation  thickness,  equipment 
heat  generation  rate,  ratio  of  free  convection  to  radiation  heat  trans- 
fer sire  a,  compartment  air  pressure,  free  convection  modulus,  and.  skin 
temperature.  Die  time  -temperature  performance  evaluations  are  all  made 
for  constant  skin  temperature,  a condition  approximated  by  high  flight 
speeds  at  constant  Mach  numbers  and  constant  altitude . 

Results  of  calculations  made  with  the  general  procedure  are  used  to 
develop  a simplified  analysis,  based  on  the  nearly  linear  variation  of 
external  heat  load  with  equipment  temperature . A design  procedure  is 
based  on  the  simplified  analysis,  and  permits  determination  of  the  insu- 
lation thickness  required  to  limit  equipment  temperature  rise  to  a 
desired  value.  An  example  design  is  included  with  the  procedure.  The 
results  of  a large  number  of  calculations  made  with  the  analytical  pro- 
cedures are  given.  Based  on  these  results,  the  effects  of  significant 
equipment  and  compartment  characteristics  can  be  summarized  as  follows: 

1.  Thermal  capacity  of  equipment  has  a strong  delaying  effect  on 
equipment  temperature  rise  in  an  uncooled  compartment.  Die  time  rate  of 
temperature  rise  is  directly  proportional  to  the  sum  of  external  and  gen- 
erated heat  loads,  and  inversely  proportional  to  the  thermal  capacity 

of  the  equipment.  Dierefore  if  the  thermal  capacity  of  the  equipment 
is  doubled,  the  time  required  for  a given  temperature  rise  is  doubled 
under  the  same  conditions  of  external  and  generated  heat  load.  Thermal 
capacity  is  the  only  influence  in  an  uncooled  compartment  which  tends  to 
offset  the  temperature  rise  created  by  both  external  and  generated  heat 
loads.  Therefore  where  space  and  weight  requirements  permit,  thermal 
capacity  should  be  added  deliberately  to  a compartment  to  delay  tempera- 
ture rise. 

2.  Skin  insulation  can  be  used  to  reduce  the  external  heat  load  on 
compartment.  In  the  case  of  non -heat-generating  equipment,  insulation 
is  therefore  an  effective  -means  of  delaying  equipment  temperature  rise. 
In  the  case  of  heat  generating  equipment,  insulation  is  less  effective 
in  delaying  equipment  temperature  rise,  since  it  has  no  effect  on  the 
generated  heat  load.  For  example,  an  increase  of  insulating  effect 
from  = 1.0  Btu/hr-ft^-^  to  Uj_  = 0.20  Btu/hr-f t^- °R  increase  the  time 
required,  for  equipment  of  certain  characteristics  to  heat  from  46o°R  to 
86o°R  from  111  minutes  to  3^5  minutes  flight  time  with  a constant  skin 
temperature  of  1355 °R.  For  equipment  of  the  same  characteristics,  but 
generating  150  watts  per  square  foot  of  skin  area  associated  with  the 
compartment,  the  same  increase  of  insulating  effect  increases  flight 
time  only  from  50.5  minutes  to  75  minutes.  Under  unfavorable  combina- 
tions of  high  generated  heat  load  and  low  thermal  capacity,  the  space 
requirements  of  insulation  are  likely  to  be  objectionable,  particularly 
in  small  compartments. 
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3.  The  equipment’s  ratio  of  free  convection  Surface  area  to 
radiation  surface  area  is  important  in  determining  the  relative  magni- 
tude of  the  equipment's  heat  gain  by  free  convection.  Where  possible, 
equipments  should  be  grouped  in  a manner  which  reduces  the  area  avail- 
able to  free  convection,  such  as  by  butting  surfaces  against  one  another, 
or  providing  spacing s of  3/8- inch  and  less  between  equipment  surfaces. 

The  same  results  could  sometimes  be  achieved  by  encasing  a large  number 
of  small  equipment  components  together  in  a single  case.  The  effects  of 
the  ratio  of  convection  to  radiation  surface  area  are  important  only 
where  free  convection  heat  load  is  important  compared  to  generated  heat 
load,  radiation  heat  load,  and  thermal  capacity. 

4.  Conqpartment  air  pressure  has  great  influence  on  the  rate  of  heat 
transfer  by  free  convection,  and  therefore  is  significant  to  the  rate  of 
equipment  temperature  rise  with  time.  Heat  transfer  rate  by  free  convec- 
tion is  proportional  to  S or  & ^/3,  depending  on  physical  and  temper- 
ature gradient  conditions,  where  £ is  the  compartment  air  pressure, 
expressed  in  standard  atmospheres.  Therefore,  the  free  convection  heat 
load  to  the  equipment  can  be  reduced  greatly  by  maintaining  low  air  pres- 
sure in  the  compartment.  If  this  does  not  jeopardize  equipment  operation, 
it  is  a good  means  for  obtaining  insulating  effect  against  the  free  con- 
vection portion  of  external  heat  load,  without  the  spare  and  weight 
penalties  of  insulating  materials.  As  an  example , for  non-heat-generating 
equipment  in  an  uninsulated  compartment  with  a skin  temperature  of  1355 °R, 
a reduction  of  compartment  pressure  from  $ » 1.0  to  5 =*  0.10  reduces  the 
average  rate  of  equipment  temperature  rise  by  almost  80  percent.  This 
percentage  is  based  on  a temperature  rise  from  4©0°R  to  9&0°'R  in  both 
cases.  For  heat  generating  equipment,  the  effect  is  qualitatively  the 
same,  but  less  pronounced. 

5.  Surface  emissivities  of  equipment  bodies  and  of  the  aircraft 
skin  or  its  insulation  are  important  to  heat  transferred  by  radiation. 

Low  emissivities  reduce  radiation  heat  transfer.  Reflective  surfaces 
should  therefore  be  used  to  protect  equipment  from  excessive  external 
heat  load  due  to  radiation. 


ANALYSIS 

1.  Assumptions  for  Analysis 

Since  an  uncooled  equipment  compartment  is  considered,  it  is 
assumed  that  there  is  no  flow  of  air  into  or  out  of  the  compartment  except 
as  required  to  maintain  constant  pressure.  It  is  also  assumed  that  the 
heat  transfer  process  between  the  skin  and  the  equipment  takes  place  only 
through  those  faces  of  the  equipment  compartment  which  are  contiguous  with 
the  skin  or  its  insulations,  and  that  no  other  heat  transfer  is  involved. 
As  an  example.  Figure  V-l  shows  a cylindrical  compartment  containing 
equipment,  and  assumed  to  form  part  of  a ramjet  engine  centerbody. 
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Figure  V-l.  Schematic  of  Compartment  in  a Ramjet  Centerbody 

Under  the  assumptions  made,  heat  flows  from  the  centerbody  skin 
into  the  compartment  through  the  insulated  wall  only,  and  no  heat  is  trans- 
ferred through  the  interior  walls.  It  is  also  assumed  that  no  heat  is 
transferred  between  skin  and  equipment  by  solid  conduction,  which  re- 
quires that  the  equipment  shock  mounts  do  not  attach  to  the  skin  or  its 
Insulation,  or  that  whatever  they  do  attach  to  is  well  insulated  and  sub- 
stantially at  equipment  temperatures.  Transfer  of  heat  between  the  skin 
and  equipment  occurs,  therefore,  by  conduction  through  the  skin  insula- 
tion and  by  free  convection  and  radiation  within  the  compartment. 


It  is  assumed  that  efficient  ■use  will  be  made  of  the  compartment 
space,  so  that  the  total  of  all  equipment  placed  inside  will  nearly  fill 
the  compartment.  This  permits  simple  analytical  treatment  of  radiation 
heat  transfer  as  the  case  of  a totally  enclosed  body,  large  compared  to 
its  enclosure.  Since  it  is  desired  to  hold  radiation  heat  transfer  to  a 
minimum,  it  is  assumed  that  the  skin  insulation,  where  used,  is  faced  on 
the  inner  face  with  a reflective  material,  such  as  ».! nmi mi™  foil,  it  is 
also  assumed  that  the  equipment  is  cased  with  a reflective  outer  surface, 
although  the  analysis  is  general  and  permits  evaluation  of  instances  where 
refiective  protection  is  not  used  on  either  skin  insulation  or  equipment. 
In  addition  to  the  physical  configuration  and  the  surface  emissivities 
radiation  heat  transfer  is  also  a function  of  the  inner  face  temperature 
on  the  skin  or  insulation,  and  of  the  equipment  temperature.  For  calcu- 
lation of  radiation  and  free  convection  heat  transfer,  it  is  assumed  that 
all  parts  of  the  equipment  surface  are  at  the  same  temperature.  This 
would  not  actually  be  true  because  of  variations  in  surface  area,  sur- 
face  emissivity,  location,  thermal  capacity,  and  heat  generation  rate  of 
different  equipment  bodies.  The  single  temperature,  however,  can  be  in- 
terpreted as  a value  which  appropriately  describes  an  average  condition 
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for  the  entire  equipment  surface. 

Ordinarily,  the  equipment  installed  in  an  aircraft  compartment 
would  be  of  a variety  of  shapes  and  sizes.  Fortunately,  however,  the 
free  convection  heat  transfer  coefficients  for  vertical  plates,  horizon- 
tal plates  facing  upward  or  downward,  horizontal  and  vertical  cylinders, 
and  spheres  do  not  vary  greatly,  so  that  an  average  coefficient  can  be 
used,  eliminating  detailed  consideration  of  each  equipment  surface.  This 
same  average  value  of  free  convection  coefficient  applies  to  the  inner 
surface  of  the  aircraft  skin  or  its  insulation,  if  any.  In  the  use  of 
these  coefficients  it  is  assumed  that  the  free  convection  heat  transfer 
is  the  same  for  heating  or  cooling  of  a surface.  Present  knowledge  does 
not  warrant  making  a finer  distinction.  The  surface  area  of  the  equip- 
ment which  is  significant  to  free  convection  heat  transfer  is  greater 
than  that  involved  in  radiation  heat  transfer,  as  there  will  usually  be 
surfaces  accessible  to  air  circulation  which  are  not  "seen"  by  the  air- 
craft skin.  This  is  accounted  for  in  the  analysis  by  introducing  the 
ratio  of  convective  to  radiant  heat  transfer  area. 

In  the  derivations  to  follow,  the  thermal  capacities  of  the  air 
in  the  compartment  and  the  skin  insulation  have  been  neglected,  since 
they  would  not  be  large  enough  ordinarily  to  be  important.  The  omission 
of  these  two  thermal  capacity  effects  has  a slightly  conservative  influ- 
ence on  the  calculated  equipment  temperature  rise,  since  the  calculated 
rise  is  slightly  greater  than  the  actual  rise  would  be. 

The  heat  transfer  processes  analyzed  here  are  confined  to  those 
taking  place  inside  of  the  aircraft  skin,  and  the  equations  are  put  in 
a form  suitable  for  the  case  of  constant  skin  temperature  during  the 
flight.  The  assumption  of  constant  skin  temperature  gives  conservative 
results  for  equipment  temperature  rise  if  the  proper  interpretation  of 
the  skin  temperature  is  observed.  For  instance,  if  the  skin  temperature 
used  is  the  adiabatic  wall  temperature  corresponding  to  flight  speed  and 
altitude  of  the  aircraft,  the  calculated  equipment  temperature  rise  is 
greater  than  would  actually  occur.  The  true  skin  temperature  will  be 
less  than  adiabatic  wall  temperature  by  an  amount  depending  on  the  con- 
vection heat  transfer  coefficient  on  the  outside  of  the  skin  and  the  heat 
flux  through  the  skin.  Therefore,  the  use  of  adiabatic  wall  temperature 
in  place  of  true  skin  temperature  assumes  a greater  temperature  potential 
for  the  transfer  of  heat  from  the  skin  to  the  equipment  than  would  exist, 
actually  giving  conservative  results  for  temperature  rise.  If  the  re- 
covery factor  for  the  outside  surface  of  the  skin  is  neglected,  and  the 
skin  temperature  is  taken  as  total  temperature  for  the  flight  speed  and 
altitude,  the  results  are  even  more  conservative. 
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2.  nomenclature 


Symbol  Definition 


Units 


A 

a 

a* 

a' ' 

B 

b 

C 

c 

c 

p 

d 

Gr 

g 

h 

k 

L 

M 

m 

pr 

Q 

q 

R 

T 

U 

3 

Y 

l 

€ 

i 

€ 

Q 


Surface  area 

Empirical  constant  for  external 
heat  load 

A convection  group,  defined  in 
equation  (V-7) 

A convection  group,  defined  in 
equation  (V-9) 

Temperature  function  for  radia- 
tion heat  transfer 
Empirical  constant  for  external 
heat  load 

Empirical  coefficient  for  free 
convection 
Specific  heat 

Specific  heat  at  constant  pres- 
* sure 

Empirical  exponent  for  free  con- 
vection - 

Grashof  modulus  ■ gBQlPi 

2 

V-  « 

Gravitational  constant  m 4.17x10 
Heat  transfer  coefficient 
Thermal  conductivity- 
characteristic' length  for  free 
convection 
Weight 

Weight  based  on  unit  skin  area 
Prandtl  modulus  cu 

Heat  load  k 

Heat  load  based  on  unit  skin 
area 

Ratio  of  free  convection  heat  trans- 
fer area  to  radiation  heat  trans- 
fer area 

Absolute  temperature 
Thermal  conductance 
Volume  coefficient  of  thermal  ex- 
pansion for  air 
Weight  density 
Pressure 

Emissivity  for  radiation  heat 
transfer 

Emissivity  function 
Temperature  potential  across  free 
convection  film 


ft* 

Btu/hr-ft2 


°r3 

Btu/hr-ft2- °R 


dimensionless 

Btu/lb-°R 

Btu/lb-°R 


dimensionless 


dimensionless 

ft/hr2 

Btu/hr-ft  -R 
Btu/hr-ft2-°R 

ft 


ib 

lb/ft 

dimensionless 


Btu/hr 

Btu/hr-ft2 


dimensionless 

°R 

Btu/hr-ft2-°R 

l/°R 

Ib/ft3 

atmospheres 

dimensionless 

dimensionless 

°R 
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Symbol 

Definition 

Units 

Temperature  rise 

#R 

P- 

Viscosity 

lb/ft-hr 

r 

Time 

hr 

r‘ 

Time 

min 

Subscripts 

a 

Refers  to  air 

c 

Denotes  free  convection  value 

e 

Refers  to  equipment 

g 

Denotes  generated  value 

i 

Refers  to  insulation 

m 

Denotes  value  at  middle  of  time 

interval 

0 

Denotes  external  value  or  standard  value 

r 

Denotes  radiation  value 

w 

Refers  to  skin 

1 

Denotes  value  at  start  of  a time 

interval 

2 

when  used  with  temperature 
Denotes  value  at  end  of  a time  interval 

1,2, . .,n 

when  used  with  temperature 
Refers  to  a series  of  materials 

3-  Derivation  of  Equations 

a.  Heat  Transfer  by  Conduction  Through  Skin  Insulation 

The  equation  used  to  describe  heat  conduction  rate  from  the 
skin  to  the  inner  face  of  the  skin  insulation  per  unit  Bkin  area  is, 

^ = “ ^Tw  " Ti)'  (V-l) 

xi 

where  kj_  is  the  thermal  conductivity  of  the  insulating  material  at  the 
average  of  the  face  temperatures,  (Ty+T^ )/2.  This  is  the  equation  for 
a plane  wall  of  insulation  (Ref.  V-l),  since  it  is  assumed  that  the  two 
face  areas  of  the  insulation  are  substantially  the  same.  During  a tran- 
sient heating  problem  the  average  of  face  temperatures  varies  with  time, 
making  it  necessary  to  account  for  the  variation  of  insulation  thermal 
conductivity  with  temperature.  For  a given  thickness  of  insulation,  x^, 
the  quotient  (^/x^)  is  denoted  by  Uj,  and  called  the  insulation  con- 
ductance. The  variation  in  value  of  with  temperature  can  be  accounted 
for  in  a stepwise  calculation  of  heat  conduction  by  using  a plot  of  values 
of  Ui  versus  temperature,  and  using  a value  for  each  step  of  the  calcu- 
lation which  is  appropriate  to  the  temperature  of  the  insulation  during 
that  step.  The  characteristic  of  such  a plot  is  different  for  different 
insulating  materials.  Appendix  II  contains  information  on  the  thermal 
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conductivities  of  various  insulating  materials  appropriate  to  this  study, 
and  presents  graphical  aids  for  computational  use. 

b.  Heat  Transfer  by  Radiation 


Heat  transferred  by  radiation  from  the  inner  face  of  the  skin 
or  skin  insulation  to  the  equipment  can  be  described  by  the  equation, 


^r 


= 0.174  x 10 


-8 


(V-2) 


as  presented  in  standard  heat  transfer  texts  (Ref.  V-l).  This  equation  is 
more  conveniently  handled  in  the  form, 

qr=hr(Ti-Te)  (V-3) 

where  it  is  apparent  that, 


1 


1 1 - 

— + — 1 


k 4 

<Ti  - Te  > 


■>'«,  ee 

hj.  = o.rjnc  i<r°  — 


- V 


For  calculation  purposes,  this  is  put  in  the  form 


■>-4 


[/Ml 

fIetl 

1 

\100/ 

\100i 

i+i-- 1 

fa  ) 

K ) 

*1  *e 

\100J 

[l  00/ 

(v-4) 


In  the  evaluation  of  any  particular  compartment,  the  emissivity  values  for 
surfaces  are  taken  as  constant,  so  that  equation  (V-4)  can  be  reduced  to 
a constant  times  a function  of  the  temperatures,  Tp  and  Te.  Figure  AIV-1 
gives  a chart  of  this  temperature  function  versus  Tj;  and  Te,  which  can  be 
used  for  radiation  heat  transfer  calculations.  The  individual  values  of 
emissivity,  and  6 2 0X6  chosen  for  the  material  and  condition  of  the 
radiating  and  receiving  surfaces.  The  possible  range  of  values  is  from 
€ **  0.02  for  highly  polished  copper  to  £**0.98,  for  rough  steel  plate  or 
certain  painted  surfaces.  In  most  of  the  evaluation  cases  it  may  be 
assumed  that  = 0.10  and  6 e = 0.20;  values  whichrrepresent  aluminum  or 

aluminum- treated  surfaces  that  are  somewhat  oxidized  from  high  temperature 
exposure . 
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c.  Free  Convection  Heat  Transfer  Coefficients 


An  equation  to  describe  free  convection  heat  transfer 
coefficients  is  taken  from  Reference  (V-l), 

k ( gP9L3  r 2 

c L ^ fik 

where  the  exponent,  d,  assumes  values  in  accordance  with  the  schedule, 


(Gr  x Pr)  = peL3  7 2cp 

/*k  d C 

103-109  l/k  0.532 

> 10^  l/3  0.120 


The  value  of  C to  use  in  equation  ( V- 5 ) is  also  dependent  upon  the  value 
of  the  modulus  (Gr  x Pr),  but  in  addition,  is  dependent  on  the  shape  and 
position  of  the  surface.  As  discussed  earlier,  it  is  convenient  to  use 
a value  of  C which  represents  a good  average  for  a variety  of  surface 
configurations,  and  those  values  shown  in  the  schedule  are  such  average 
values.  In  particular,  it  is  noted  that  the  free  convection  coefficient 
is  somewhat  simplified  when  (Gr  x Pr)>109,  as  it  becomes. 


hc  = 0.12k 


(gP8  >2c 


v!/3 


n k 


(V-6) 


where  the  characteristic  length  L is  no  longer  involved.  All  of  the 
physical  properties  of  air  in  equation  (V-6)  are  functions  of  temperature, 
except  y which  is  a function  of  temperature  and  pressure.  Since  O'  is 
directly  proportional  to  pressure,  it  car  be  written  > = & % where  ~yQ 
is  the  air  density  at  one  standard  atmosphere,  and  $ is  the  compartment 
air  pressure  in  atmospheres.  Substituting  this,  and  rearranging,  equa- 
tion (V-6)  can  be  written 


F/3/ 


a2/3 


> («) 


1/3 


(V-7) 


where 


0.12k  { gp  V0^c  %1'3 

P 

"Ilk 


A plot  of  the  quantity  (a'/J^/3)  as  a function  of  temperature  may  be  used 
in  evaluating  equation  (V-7)«  When  (Gr  x Pr)  = 103-10  , equation  ( V- 5 ) 
becomes,  , „ 0 1^4 


h = 0.532  _ 
L 


k /gPeL3>2c 


pk 


(v-8) 
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where  the  characteristic  length  L remains  in  the  equation,  and  must  be 
defined  before  the  equation  can  be  used.  Applying  a similar  line  of 
reasoning  to  that  used  in  deriving  equation  (V-7)>  equation  (V-8)  can 
be  put  in  the  form, 

h 


where 


The  problem  of  assigning  an  appropriate  value  to  L in  equation  (V-9)  is 
not  clear  cut.  Reference  (V-l)  discusses  methods  for  selecting  L for 
single  bodies  of  various  configurations.  In  the  case  of  a number  of 
pieces  of  equipment  installed  in  a compartment,  however,  the  character- 
istic length  should  be  properly  interpreted.  If  the  separate  bodies 
are  freely  spaced,  individual  values  of  L for  the  separate  bodies  might 
reasonably  be.  averaged  for  an  overall  value.  If  several  bodies  are 
closely  packed  so  as  not  to  allow  free  circulation  of  air  between  them, 
the  overall  external  dimensions  of  the  group  could  reasonably  be  used  as 
characteristic  dimensions  for  that  group.  Fortunately  the  value  used 
for  L does  not  influence  the  value  of  hc  in  equation  (V-9)  heavily,  so 
that  approximate  values  of  L can  be  expected  to  give  good  results. 

The  transient  equipment  heating  problem  at  hand  is  one  in  which 
both  the  temperature  level  and  the  temperature  difference  0 vary.  It 
is  therefore  not  immediately  clear  which  of  the  equations  (V-7)  or  (V~9) 
to  use  in  a given  case  of  which  all  initial  conditions  might  be  known. 

It  will  be  shown  later  that  for  values  of  L of  approximately  one  foot, 
equations  ( V-7)  and  (V-9 ) yield  very  nearly  the  same  result,  making  it 
possible  to  obtain  good  results  for  many  problems  using  either  equation. 

d.  Heat  Transfer  by  Free  Convection 

It  is  necessary  to  develop  an  equation  which  makes  proper 
use  of  the  free  convection  heat  transfer  coefficients  in  describing 
heat  transfer  between  the  interior  skin  or  insulation  temperature  Tj_  and 
the  equipment  temperature  Te.  Heat  coming  in  from  the  skin  and  through 
the  skin  insulation  must  next  pass  by  free  convection  to  the  air  in  the 
compartment  or  by  radiation  directly  to  the  equipment.  That  portion  of 
the  heat  which  enters  the  air  by  free  convection  is  described  by  the 
equation, 


" L' 


/a”  L1/^  / s1/2  ^(e)1/4 

" T^j  i“?7r 
iA 


(V-9) 


JV2j 


1=  0.532  k 


jfjVp 

pk 


qc  = hci  (T±  - Ta)  (V-10) 

where  (T^  - T„ ) is  the  value  of  0 to  use  in  determining  hc j_  from  equation 
(V-7)  or  (V-9J,  and  where  qc  is  the  time  heat  transfer  rate  by  free  con- 
vection, for  a unit  skin  surface  area.  The  group  (a’/Sw3)  of  equation 
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(V-7)  or  (a"L  8^2)of  equation  (V-9)  is  evaluated  at  the  tempera- 

ture (Tj  + Ta)/2.  This  same  rate  of  heat  transfer  must  pass  by  free 
convection  from  the  air  to  the  equipment,  as  described  by  the  equation, 

<lc  = ^ce  (Ta  - Te)  (V“U) 


vhere  (Ta  - T ) is  the  value  of  0 to  use  in  determining  hce  from  equation 
(V-7)  or  (V-9;  and  R is  the  ratio  of  total  free  convection  surface  area 
of  equipment  to  total  aircraft  skin  area  associated  with  the  compartment. 
The  group  containing  p|iysical  properties  of  air  for  equation  (V-7)  or 
(V-9)  is  evaluated  at  tne  temperature  (Tq  + Tg)/2.  These  two  equations 
are  then  rearranged  and  added  to  give 

ii-  _!£_  = (T  - Ta)  + (Ta  - Te) 

>1  4* 


Then 


<lc  - 


(T,  - 


Te)  - hc  <Ti  " Te> 


(V-12) 


ci 


Rh 


ce 


e.  Combined  Heat  Transfer  by  Conduction.  Radiation  and  Free 
Convection 


As  discussed  above,  equations  are  available  to  describe  com- 
pletely the  details  of  the  heat  transfer  processes  between  the  aircraft 
skin  and  the  equipment.  Equation  ( V— 1 ) is  used  to  describe  heat  conduc- 
tion from  the  skin  to  the  inner  face  of  the  insulation,  equation  (V-3)  is 
used  to  describe  heat  radiation  from  the  inner  face  of  the  insulation  to 
the  equipment,  and  equation  (V-12)  is  used  to  describe  heat  transfer  by 
free  convection  from  the  inner  face  of  the  insulation  to  the  equipment. 
Writing  a heat  balance  for  the  combined  effect  of  all  these  processes 
gives  the  equation. 


% ^r  + ^c 


Then,  by  substituting,  and  denoting  the  overall  free  convection  coefficient 
of  equation  (V-12)  by  hc. 


Then, 


% - ul(Tv  - V " <hr  + <T1  - Te> 


h.  + -I = (T  - T ) + (T±  - T 

Ui  hj.  + h Vi  1 e 


ao 
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1 


(V-13) 


or, 


= 


(Tv  - Te) 


i + -i- 

U.  h + h 

l r c 


where  the  heat  transfer  rate  per  unit  skin  area  is  shown  as  a function  of 
the  insulation  conductance,  the  radiation  coefficient,  the  overall  free 
convection  coefficient,  and  the  temperature  difference  between  the  skin 
and  the  equipment.  Since  all  of  the  heat  transferred  is  stored  in  the 
thermal  capacity  of  the  equipment,  another  heat  balance  equation  may  be 
written,  for  the  case  where  there  is  no  heat  generation  in  the  compartment, 

«o  " mece  (V-H) 

In  equation  (V-l4)  the  thermal  capacity  product  nigCg  is  based  on  mg  as 
the  average  weight  of  equipment  per  unit  skin  area  associated  with  the 
compartment,  and  cg  is  a weight-average  specific  heat  for  all  equipment 
material.  A method  for  determining  the  thermal  capacity  product  on  a 
unit  skin  area  basis  is  given  later  with  the  calculation  procedure. 

If  there  is  heat  generation  in  the  compartment,  equation  (V-l4)  is 
modified  to 


40  + qg-mece  jf  (V'15) 

where  q^  is  the  heat  generation  rate  of  the  equipment,  based  on  a unit 
skin  area. 

4.  Procedure  for  Calculation  of  Equipment  Temperature  Rise  with 
Time 


a.  General  Method 


Although  the  equations  developed  are  sufficient  to  describe 
heat  transfer  from  the  skin  to  equipment,  they  cannot  be  combined  to  yield 
a direct  solution  for  temperature  rise  of  equipment  with  time.  This  results 
from  the  complicated  functions  which  must  be  used  to  describe  radiation 
and  free  convection  heat  transfer  coefficients.  Coefficients  of  both 
types  are  involved  in  the  term  qQ  of  equation  (V-15),  and  are  functions  of 
Tj_,  and  T . For  any  instant  of  time,  the  temperatures  T^,  T , and  Te 
are  in  turn  functions  of  qQ  itself,  indicating  the  complexity  ofathe  prob- 
lem. It  is  therefore  necessary  to  use  a stepwise  calculation  process, 
applying  the  equations  to  short,  finite  intervals  of  time  for  which  the 
heat  transfer  coefficients  are  substantially  constant.  Two  such  step- 
wise procedures  are  conveniently  applicable  to  this  problem.  In  one,  the 
values  of  all  coefficients  are  based  on  temperatures  at  the  beginning  of 
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an  interval.  The  coefficients  are  then  used  to  calculate  heat  transfer 
rates,  and  to  calculate  the  temperatures  at  the  end  of  an  interval.  This 
method  permits  direct  calculation  for  each  interval.  In  the  second  meth- 
od, values  of  the  heat  transfer  coefficients  are  based  on  average  tempera- 
tures within  an  interval.  Since  these  temperatures  are  unknown  at  the 
beginning  of  an  interval  calculation,  it  is  necessary  to  assume  them  and 
then  check  them  later,  which  is  a trial  and  error  process.  This  method 
involves  more  calculation  labor  and  requires  more  skill  than  the  first 
one  described,  but  for  equally  sized  intervals  it  is  more  accurate.  The 
trial  and  error  method  is  described  here,  since  it  is  more  generally  valid 
A detailed  calculation  procedure,  together  with  a sample  calculation,  is 
given  in  the  Appendix  to  this  Section. 


The  calculation  is  more  conveniently  carried  out  on  the  basis  of  heat 
transfer  per  unit  area  of  the  skin.  This  requires  that  the  total  surface 
area  of  the  equipment  for  purposes  of  free  convection  heat  transfer  be 
determined,  and  divided  by  A^.,  the  total  skin  area  associated  with  the 
compartment,  to  give  R . The  total  surface  of  equipment  which  is  acces- 
sible to  free  convection  can  only  be  estimated.  In  general,  it  is  the 
entire  external  surface  area,  minus  those  areas  which  face  narrow  gaps 
(3/8-inch  and  less),  or  which  are  located  so  as  to  be  inaccessible  to  free 
circulation  of  air.  The  thermal  capacity  of  equipment  is  also  expressed 
on  a unit  area  basis.  Thus,  if  A w denotes  the  skin  area  and  Mg  denotes 
the  total  weight  of  equipment  in  the  compartment, 


and  if  there  are  pounds  of  material  having  specific  heat  c-|_  in  the  com- 
partment, Mg  pounds  of  material  having  specific  heat  Cg  in  the  compartment 
and  so  on, 

c = Mlcl  + «2C2  + •••  + Vn 


Heat  generation  by  the  equipment  is  also  expressed  on  a unit  skin  area 
basis.  If  Qg  is  the  total  heat  generation  rate  for  the  compartment. 


K 


The  procedure  described  here  is  for  the  case  of  constant  aircraft  skin 
temperature,  as  approximated  by  constant  flight  speed  and  altitude.  Mod- 
ifications required  to  account  for  varying  skin  temperature  will  be  in- 
dicated later.  Equation  (V-7)  is  used  to  describe  free  convection  heat 
transfer.  The  corresponding  procedure  for  use  of  equation  (V-9)  requires 
no  special  attention  other  than  defining  a value  of  L. 
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b.  Calculation  of  Initial  Temperatures 


Calculation  begins  with  the  value  of  Tv  assigned  and  the  in- 
itial value  of  Tg  assigned  as  Tel*  It  'is  then  necessary  to  assume  initial 
values  of  Tn  and  Tal>  and  evaluate  hr  using  equation  (V-4),  hci  using 
equation  (V-7),  and  h^  using  equation  (V-7).  Experience  in  performing 
calculation  of  this  type  will  aid  in  selecting  values  of  Til  and  Tal  for 
the,  first  trial.  In  the  absence  of  such  experience  it  can  only  be  pointed 
out  that  both  Tn  and  Tal  lie  between  Tv  and  Tfel  with  Tn  > Tal  for 
Tw  > Tel*  After  determining  hr,  hci,  and  hce,  equations  (V-l)  and  (V-13) 
are  combined  and  solved  for  In,  and  equations  (V-10)  and  (V-12)  are  com- 
bined and  solved  for  Tal*  If  the  values  of  Tn  and  Tqi  resulting  from 
this  calculation  agree  with  those  assumed,  they  are  correct.  If  not,  new 
values  of  Tji  and  Tai  must  be  assumed  and  the  calculations  repeated  until 
agreement  of  assumed  and  calculated  values  is  obtained.  It  has  been  found 
from  experience  that  the  calculated  results  are  closer  to  the  true  values 
of  Tn  and  Tal  than  the  assumed  values,  so  that  in  a series  of  trials, 
the  results  of  one  calculation  can  be  used  as  assumed  values  for  the  next 
calculation.  Thus  far  the  work  indicated  has  determined  only  the  initial 
values  of  Tn  and  Tni  corresponding  to  the  assigned  values  of  Tv  and 
initial  Tei» 

c.  Calculation  of  Transient  Temperature  Rise 

Hie  analysis  of  transient  performance  begins  with  an  assumed 
time  interval,  Af',  during  which  all  temperatures  rise  from  their  initial 
value,  indicated  by  subscript  1,  to  their  final  value  for  this  time  inter- 
val, indicated  by  subscript' 2.  Eie  proper  size  of  time  interval  to  use 
is  dependent  on  the  accuracy  required  in  the  transient  calculation.  The 
variation  of  temperature  Tj.,  Ta,  and  Te  with  time  is  in  general  not  linear, 
although  a time  interval  calculation  process  of  the  type  to  be  described 
assumes  that  the  variation  can  be  considered  linear  for  short,  finite 
intervals  of  time.  The  surest  way  to  determine  whether  the  intervals 
selected  are  short  enough  is  to  experiment  with  time  intervals  of  various 
lengths  to  find  the  largest  which  may  be  used  without  detriment  to  accu- 
rate results.  The  reader  is  referred  to  paragraph  (d)  of  this  section 
for  a discussion  of  the  size  of  time  interval  to  use  and  the  agreement 
which  is  required  between  assumed  and  calculated  temperature  values. 

For  any  time  interval  selected,  it  is  necessary  to  assume  values  of 
Ti2>  Ta2>  and  Te2«  Then  hr  is  determined  based  on  Tim  and  Tbm,  where 
Tim  is  equal  to  (Tn  + ^12)  /2,  and  so  on  for  the  other  temperatures. 
hci  is  found  for  T-^  and  T^,  and  hce  is  found  for  T^  and  Tem.  Equation 
(V-13)is  then  used  to  determine  qo  using  the  mean  temperatures  (subscript 
m),  after  which  equation  (V-15)  can  be  solved  for  ATg . The  calculated 
value  of  Te2  is  then  found  from  Tel  and  ATe . Equations  (V-l)  and  (V-13) 
are  then  used  as  before  to  check  the  value  of  Ti2>  and  equations  (V-10) 
and  (V-ll)  are  used  to  check  the  value  of  Tap.  If  the  calculated  results 
of  Te2>  Tap>  and  clo  not  agree  with  assumed  values  for  the  interval  bf,the 
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calculation  is  repeated,  taking  the  calculated  results  of  the  first  trial 
as  the  assumed  values  of  the  second  trial.  On  successful  completion  of 
an  interval,  the  results  T^,  Tp,  and  Teg  are  used  as  initial  values 
Tn,  Tal>  ^el  ^or  next  interval,  and  the  entire  trial  and  error 
process  is  repeated  until  the  time  span  or  temperature  span  of  interest 
for  the  equipment  has  been  covered. 

The  calculation  procedure  described  above  is  given  in  greater  detail 
in  the  Appendix  to  this  Section.  Although  the  detailed  procedure  in 
analytically  the  same  as  described,  in  certain  cases  algebraic  modifica- 
tions are  made  to  make  the  procedure  amenable  to  slide  mile  calculations. 
The  procedure  is  somewhat  simplified ' in  cases  where  there  is  no  skin  in- 
sulation, since  Tj_  then  becomes  Tv,  and  the  number  of  assumed  values  re- 
quired for  calculating  anLinterval  is  reduced  from  three  to  two.  This 
simpler  procedure  for  an  uninsulated  compartment  is  also  given  in  the 
Appendix  to  this  Section. 

d.  Characteristics  of  the  Calculation  Procedure 


The  trial  and  error  calculation  procedures  are  somewhat 
lengthy,  and  require  some  practice  before  a computor  can  advance  from  one 
interval  to  the  next  with  only  one  or  two  trials.  Fortunately,  however, 
a rather  wide  discrepancy  can  exist  between  the  assumed  temperature  values 
and  the  calculated  temperature  values  without  affecting  the  accuracy  of 
the  latter  appreciably.  A careful  analysis  has  shown  that  the  most  serious 
error  in  equipment  temperature  rise  calculated  for  an  interval  occurs  when 
there  is  no  skin  insulation,  and  no  heat  generation  by  the  equipment.  Under 
these  circumstances  it  was  found  that  if  the  calculated  equipment  tempera- 
ture is  within  7°R  of  the  as Burned  value,  the  calculated  value  of  equip- 
ment temperature . rise  for  the  interval  is  accurate  within  one  per  cent. 

For  cases  with  insulation  and/or  heat  generation,  the  discrepancy  allowable 
between  assumed  and  calculated  values  is  greater.  Actually  the  discrepancy 
of  7*R  is  moat  ample,  since  a computor  can  easily  assume  values  within  3 
or  4*R  of  the  calculated  results,  which  is  the  standard  of  accuracy  main- 
tained in  all  of  the  calculations  reported  in  this  Section. 

The  analysis  of  the  effect  of  interval  size  on  the  accuracy  of  cal- 
culated equipment  temperature  rise  has  shown  that  initial  intervals  of 
A7"'  * 15  minutes  are  sufficiently  small  to  give  at  least  one  per  cent 
accuracy  of  the  calculated  temperature  rise.  This  applies  only  to  the  cal- 
culations made  for  this  Section,  however,  and  in  general  it  is  necessary  to 
experiment  with  differently  sized  intervals  to  determine  the  largest  that 
can  be  used.  For  example,  a calculation  may  be  started  using  a single 
ten-minute  interval,  and  then  reworked  using  two  five-minute  intervals.  If 
the  results  at  ten  minutes  are  in  substantial  agreement,  the  ten-minute  in- 
terval can  be  used  with  confidence.  If  not,  further  reduction  of  the  in- 
terval size  should  be  tried  until  the  largest  accurate  time  interval  al- 
lowed is  found.  It  should  also  be  noted  that  an  interval  which  is  ap- 
propriately sized  for  the  initial  part  of  a calculation  may  be  too  large 
or  unnecessarily  small  for  later  intervals  in  the  calculation. 
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Therefore  a few  spot  checks  should  he  made  during  a calculation  to 
see  that  the  proper  size  of  time  interval  is  being  maintained. 

e . Extension  of  the  Procedure  Required  in  the  Case  of 
Variable  Skin  Temperature 

Although  the  procedure  described  is  for  the  case  where  the 
skin  temperature  can  be  considered  constant,  it  is  also  possible  to 
evaluate  a case  in  which  the  skin  temperature  varies.  This  would  occur 
for  varying  flight  speed,  or  where  the  heat  flow  through  the  skin  is 
large  and  varying,  while  the  outside  convection  coefficient  on  the 
skin  is  small.  To  evaluate  such  a case,  the  outside  convection  co- 
efficient must  be  evaluated  for  each  time  interval,  using  the  re- 
lationships given  in  Section  IV.  This  requires  the  introduction  of 
another  assumed  value,  Tw,  into  the  procedure  for  calculating  each 
time  interval.  In  most  cases  the  skin  thermal  capacity  can  be  neg- 
lected, as  found  in  Section-  IV. 


EFFECTS  OF  EQUIPMENT  AND  COMPARTMENT  CHARACTERISTICS 
1.  Thermal  Capacity 

The  effects  of  thermal  capacity  of  equipment  on  the  tempera- 
ture rise  of  equipment  with  time  are  shown  in  Figure  V-2.  The  cases 
shown  are  for  non-heat-generating  equipment  in  a compartment  without 
insulation.  The  initial  equipment  temperature  is  460°R,  and  the  con- 
stant skin  temperature  is  1355°R  (the  total  temperature  corresponding  tc 
to  a flight  Mach  number  of  3*5  in  the  isothermal  layer).  Equation 
(V-7)  is  used  to  describe  the  face  convection  relationships  for  this 
figure.  To  illustrate  the  significance  of  the  thermal  capacity  values 
shown,  consider  a compartment  having  an  associated  skin  area  of  18 
square  feet,  and  containing  200  pounds  of  equipment.  If  the  equip- 
ment consists  of  aluminum,  iron,  and  ceramic  parts,  the  entire  mass  of 
equipment  might  have  an  average  specific  heat  of  the  order  of 
0.18  Btu/lb-°R,  so  that  the  thermal  capacity  on  a unit  area  basis 
would  be  (200  x 0.l8)/l8  = 2,  which  is  one  of  the  cases  shown. 

It  is  readily  seen  from  the  cases  shown  in  Figure  V-2  that  the 
time  required  for  equipment  to  heat  to  any  given  temperature  is  about 
proportional  to  the  thermal  capacity  of  the  non-heat-generating  equip- 
ment. Equation  (V-15)  can  be  rearranged  to  the  form, 

hff=  ffigCg  ATe  (V-l6) 

+ qg) 


This  shows  the  analytical  basis  for  the  effect  of  thermal  capacity  as 
shown  by  the  cases  of  Figure  V-2,  and  indicates  that  a similar  result 
mainhe.  expected,  for  heat  generating  equipment.  To  consider  this  from 
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another  standpoint,  eou&tion  (V-l6)  can  he  rearranged  to, 

ATg  _ qp  + Qg 

A f %ce 

This  indicates  that  the  slope  of  the  curves,  or  time  rate  of  temperature 
rise,  is  directly  proportional  to  the  instantaneous  heat  load,  and  in- 
versely proportional  to  the  thermal  capacity.  All  of  the  cases  shown  in 
Figure  V-2  have  the  same  instantaneous  heat  load  at  their  starting  point, 
460#R,  so  that  th^ir  initial  rates  of  temperature  rise  are  inversely  pro- 
portional to  thermal  capacity.  Similarly,  the  temperature  curves  shown 
intersect  any  horizontal  line  of  constant  temperature  at  a slope  which 
is  inversely  proportional  to  their  respective  thermal  capacities  and  di- 
rectly proportional  to  the  external  heat  load  corresponding  to  that 
temperature . 
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It  should  be  noted  from  equation  (V-l6)  that  the  temperature 
rise  delaying  action  of  thermal  capacity  tends  to  offset  the  sum  of  both 
external  and  generated  heat  loads.  Thermal  capacity  is  thus  more  effec- 
tive in  delaying  temperature  rise  of  heat  generating  equipment  then  insul- 
ating effects,  since  the  latter  affect  only  the  external  heat  load.  The 
strong  temperature  rise  delaying  effect  of  thermal  capacity  suggests  that 
in  cases  where  space  and  weight  requirements  permit,  thermal  capacity 
could  be  added  deliberately  to  prevent  equipment  overheating.  For  ex- 
ample, cans  of  water  have  a high  ratio  of  thermal  capacity  to  weight  and 
could  be  used  for  this  purpose.  As  an  illustration,  it  is  interesting  to 
consider  the  compartment  described  earlier  containing  200  pounds  of  equip- 
ment. If  36  poiinds  of  water  were  added  to  this  compartment,  the  thermal 
capacity  based  on  a unit  of  skin  area  would  be  increased  to  (200 

(200x. 18+36x1 )/l8  * 4 

thereby  reducing  the  time  rate  of  temperature  rise  to  one-half  its  for- 
mer value.  This  assumes  no  essential  change  in  the  other  configuration 
features  of  the  compartment  or  equipment. 

The  results  shown  in  Figure  V-2  can  be  applied  to  initial  equip- 
ment temperatures  other  than  46o°Rj  provided  the  skin  temperature  remains 
the  same.  To  do  this,  it  is  only  necessary  to  shift  the  time  axis  so  that 
its  zero  point  (/7'  = 0)  lies  directly  beneath  the  new  initial  temperature 
on  the  curve  representing  the  nigCg  value  considered.  As  an  example,  for 
a compartment  having  R « 1,  MgCe  =4,  & = 2.5,  Tw  = 1355°R,  T , = 600°R, 
the  time  axis  is  shifted  to  the  right  so  that  the  T * 0 pointeIies  at  the 
27  minute  point  as  plotted  in  Figure  V-2. 

2.  Insulation 


The  effects  of  skin  insulation  of  the  temperature  rise  of  equip- 
ment with  time  are  shown  in  Figure  V-3.  The  cases  shown  are  for  non-heat- 
generating equipment,  initially  at  46o°R,  and  a compartment  skin  temper- 
ature of  13550R.  The  insulation  thickness  is  defined  in  terms  of  the  in- 
sulation conductance,  = (k^/x^.)  Thus,  the  case  of  = 0© represents 
no  insulation,  while  « 0.20  represents  the  greatest  insulation  thick- 
ness shown.  The  value  of  k^,  insulation  thermal  conductivity,  varies 
with  temperature  in  a manner  dependent  on  the  type  of  insulation  material 
used  (see  Appendix  II).  All  of  the  cases  of  Figure  V-3  are  for  a temper- 
ature variation  of  thermal  conductivity  representative  of  rock  wool  in- 
sulation. It  is  emphasized  that  although  insulation  thermal  conductivity 
should  be  baaed  on  average  insulation  temperature,  the  insulation  used 
must  be  able  to  withstand  the  skin  temperature  without  physical  deterio- 
ration. The  skin  temperature  of  the  cases  shown  in  Figure  V-3  and  else- 
where is  above  the  maximum  value  generally  quoted  for  rock  wool,  which  is 
600°F  or  1060*R.  The  rock  wool  designation  was  selected  solely  to  rep- 
resent a type  variation  of  thermal  conductivity  with  temperature,  which 
seems  to  be  representative  also  of  other  insulating  materials  (Appendix  II). 
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figure  V-3 

If  feet  of  Insulation  Conductance  on  Equipment  Tempera ture  Rise 
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The  value  of  shown  for  each  case  is  that  which  applies  to  the  mean 
temperature  of  insulation  at  the  start  of  transient  heating,  when 
Te  = 460°R.  This  same  method  of  defining  is  used  wherever  insulated 
compartments  are  considered. 

From  Figure  V-3  it  is  apparent  that  insulation  has  a strong  ef- 
fect in  delaying  equipment  temperature  rise  for  non-heat-generating  equip- 
ment. The  rearrangement  of  equation  (V-l6),  taking  q = 0,  shows  that 
the  time  rate  of  equipment  temperature  rise  in  proportional  to  the  ex- 
ternal heat  load.  The  effect  of  increased  insulation  thickness  is  to 
reduce  this  heat  load,  explaining  the  results  shown.  The  external  heat 
load  is  a function  of  other  factors  besides  insulation,  however,  so  that 
its  effects  cannot  be  determined  quantitatively  except  in  terms  of  spe- 
cific examples,  such  as  given  in  Figure  V~3* 

The  effect  of  using  different  insulating  materials  to  achieve 
the  same  initial  insulation  effect  is  shown  in  Figure  V-4  for  two  values 
of  initial  conductance,  U^.  The  curves  shown  for  constant  conductance 
are  given  as  standards  of  comparison  only,  since  there  are  no  actual  in- 
sulating materials  whose  thermal  conductivity  does  not  vary  with  temper- 
ature. The  curves  shown  for  rock  wool  and  Refrasil  show  more  rapid  heat- 
ing of  the  equipment  than  for  constant  thermal  conductivity  insulation. 
This  is  due  to  the  increase  of  thermal  conductivity  with  increase  of 
temperature . 

Some  representative  cases  with  heat  generating  equipment  in  an 
uninsulated  compartment  are  shown  in  Figure  V-5.  Although  the  effect  of 
insulation  is  qualitatively  the  same  as  when  used  with  non-heat-generat- 
ing equipment  as  in  Figure  V-3,  it  is  seen  that  for  a change  from 

« 1.0  to  * 0.2  the  change  in  time  to  heat  to  a given  temperature 
is  relatively  smaller  for  the  case  with  heat  generation.  This  could  be 
expected  from  equation  (V-l6),  since  the  insulation  affects  only  exter- 
nal heat  load,  and  in  Figure  V-5  the  equipment  is  subject  to  generated 
heat  load  in  addition  to  the  external  heat  load.  Rock  wool  type  insu- 
lation is  used  for  the  cases  of  Figure  V-5,  and  equation  (V— 7 ) is  used 
to  describe  free  convection  for  all  of  the  cases  in  Figures  V-3, -4,  and 

5. 


It  iB  convenient  to  consider  an  example  to  illustrate  the  value 
and  limitations  of  using  insulation  to  limit  rate  of  equipment  tempera- 
ture rise.  Suppose  it  is  desired  to  extend  the  temperature  rise  of  non- 
heat-generating  equipment  from  46o°R  to  900° R to  a time  in  excess  of  80 
minutes,  where  R ■ k,  $ = 2.5,  = 2.0,  Ty  *»  1355°R*  Figure  V-3  shows 

that  this  condition  will  be  met  by  an  insulating  effect  of  ■ 2.0.  If 
the  equipment  has  a heat  generation  rate  of  il  » 150  watts/ft2,  however, 
Figure  V-5  shows  that  U.  = 0.20  would  be  required,  or  ten-times  the  in- 
sulation thickness  of  the  non-heat-generating  case.  For  an  insulation 
having  k^  « 0.05  Btu/hr-ft-°R  * 2.0  would  represent  only  0.3  inch  in- 
sulation, while  for  Uj_  = 0.2,  3 inches  of  insulation  are  required.  In 
the  case  of  a medium  or  small  compartment  3 inch  insulation  might 
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seriously  limit  space  in  the  compartment.  The  example  serves  to  point  up 
the  smaller  effectiveness,  or  higher  cost  in  terms  of  space,  that  insu- 
lation has  with  heat  generating  equipment.  The  insulation  limitation  de- 
rives from  the  fact  that  it  has  no  effect  on  generated  heat  load,  so  that 
if  insulation  alone  must  delay  temperature  rise,  extreme  reduction  of  the 
external  heat  load  may  be  required.  There  are  cases,  of  course,  where  no 
amount  of  insulation  could  delay  temperature  rise  enough,  if  the  heat 
generation  rate  is  great  enough.  Such  a case  would  require  the  use  of 
added  thermal  capacity  or  some  cooling  method. 

The  results  shown  in  Figures  V-3*  -k,  and  -5  are  not  restricted 
to  an  initial  equipment  temperature  of  460°R.  If  the  initial  temperature 
of  equipment  is  any  value  above  460°R,  it  is  only  necessary  to  shift  the 
time  axis  horizontally  so  that  the  zero  point  ( v » 0)  lies  directly  be- 
low the  new  initial  Tg  on  the  curve  for  the  insulating  effect  of  interest. 
The  curve  from  this  point  to  the  right  will  then  represent  the  temperature 
rise  of  equipment  which  starts  at  the  new  initial  temperature,  and  has  the 
same  insulation  thickness  as  would  give  the  assigned  value  when 
T = 46o°R.  Thus  the  plotted  cases  can  be  used  for  any  initial  equipment 
temperature  of  460°R  or  greater,  and  for  a constant  thickness  of  insula- 
tion, although  the . insulating  effect,  U.j_,  is  defined  in  terms  of  Te  = 46o°R 

3.  Heat  Generation 


The  effect  of  heat  generation  on  the  equipment  temperature  rise 
is  shown  in  Figure  V-6.  The  cases  shown  are  for  a skin  temperature  of 
1355°R,  initial  equipment  temperature  of  460°R,  and  insulating  effect  of 
Tj[  = 0.60  using  rock  wool.  Equation  (V-7)  is  used  for  free  convection 
coefficients.  It  is  apparent  that  the  time  rate  of  temperature  rise  in- 
creases with  increased  heat  generation  rate,  as  indicated  by  equation 
(V-l6).  It  is  of  interest  to  note  that  with  increased  heat  generation  rate 
the  time  temperature  plots  approach  straight  lines,  indicating  that  the 
constant  heat  generation  rate  is  becoming  the  dominant  factor  in  deter- 
mining (ATg/d'T).  This  serves  to  emphasize  that  temperature  rise  rate  is 
relatively  independent  of  external  heat  load  at  high  heat  generation  rates, 
and  indicates  that  the  use  of  insulation  alone  cannot  effectively  limit 
temperature  rise  in  many  cases. 

The  plots  of  Figure  V-6  can  be  used  to  represent  cases  with  an  in- 
itial equipment  temperature  above  ^60°R  in  the  manner  described  under  the 
subject  heading  of  insulation. 

4.  Ratio  of  Free  Convection  to  Radiation  Heat  Transfer  Area 


The  effect  of  the  ratio  of  free  convection  to  radiation  heat 
transfer  area  on  the  temperature  rise  of  equipment  with  time  is  shown  in 
Figure  V-7  for  non- heat-generating  equipment  in  an  uninsulated  compartment. 
The  case  of  R = 1 corresponds  to  parallel  planes,  or  the  case  of  equipment 
and  compartment  both  cylindrical  in  shape,  and  nearly  the  same  size.  The 
case  of  R m 8 represents  a compartment  containing  many  small  equipment 
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Figure  Y-7 

Effect  of  Ratio  of  Free  Convection  to  Radiation  Btat  Traaafar  Area 
on  Iquifment  Tenperature  Rise 


items,  so  arranged  that  much  of  their  surface  area  is  accessible  to  free 
convection,  but  not  "seen"  by  the  skin  or  skin  insulation.  The  value  of 
R is  a factor  which  must  be  estimated  for  most  installations,  and  it  app 
pears  that  the  majority  of  practical  cases  would  be  in  the  range  from 
R « 1 to  R ■ 4.  Equation  (V-7)  is  used  for  free  convection  relationships 
in  Figure  V-7* 

The  plots  of  Figure  V-7  show  that  temperature  rise  is  more  rapid 
for  equipment  which  has  greater  area  accessible  to  free  convection  heat 
transfer.  This  is  particularly  true  for  a compartment  without  insulation 
and  without  heat  generation,  where  free  convection  heat  transfer  plays  an 
important  role  in  the  determination  of  equipment  temperature  rise.  Where 
free  convection  is  relatively  unimportant,  as  in  cases  with  large  heat 
generation  rate,  the  importance  of  R is  correspondingly  less.  In  cases 
where  free  convection  is  important,  some  insulating  effect  might  be 
achieved  by  grouping  small  components  together  so  as  to  block  some  of 
their  surface  areas  from  air  circulation.  Another  method  would  be  to 
provide  a large  case  to  contain  a number  of  smaller  components  wherever 
the  value  of  R can  be  reduced  in  this  way.  The  usefulness  of  these  meth- 
ods, however,  is  dependent  upon  the  functions  of  equipment  components, 
which  may  make  comrndn  grouping  or  encasing  impractical.  R is  therefore 
a factor  of  some  importance  in  the  compartment  heat  transfer  scheme,  but 
is  not  a factor  which  is  subject  to  appreciable  manipulation  to  achieve 
a desired  performance  result. 

The  plots  of  Figure  V-7  can  be  used  to  represent  cases  with  in- 
itial equipment  temperatures  above  460°R  by  means  of  shifting  the  time 
axis,  as  described  earlier. 

5.  Compartment  Air  Pressure 

The  effect  of  compartment  air  pressure  on  the  temperature  rise 
characteristics  of  non-heat-generating  equipment  in  a compartment  with- 
out insulation  is  shown  in  Figure  V-8.  The  initial  equipment  tempera- 
ture is  460°R,  and  the  skin  temperature  is  1355°R*  The  solid  lines  rep- 
resent cases  evaluated  using  equation  (V-7)  to  describe  free  convection, 
while  the  dashed  line  represents  a case  using  equation  (V-9)  with  L taken 
as  one  foot. 

It  is  apparent  that  the  compartment  air  pressure  has  great  in- 
fluence on  the  rate  of  equipment  temperature  rise.  This  results  from  the 
fact  that  free  convection  heat  transfer  rates  are  proportional  to  J 2/3  or 
^l/2,  depending  on  whether  equation  (V-7)  or  equation  (V-9)  applies.  A 
change  of  compartment  pressure  in  the  low  pressure  range  is  seen  to  affect 
the  heating  of  equipment  less  markedly  than  in  the  higher  pressure  range, 
since  in  the  former  case  radiation  heat  transfer,  which  is  not  affected  by 
pressure,  is  a dominant  factor.  The  choice  of  free  convection  coefficient 
for  the  single  case  shown  ( l = 1.0)  iB  seen  to  have  little  effect.  A 
more  extensive  comparison  of  the  two  free  convection  relationships  is 
made  in  Figure  V-9* 
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Figure  V-9  is  for  the  same  conditions  as  Figure  V-8,  except 
that  the  compartment  now  has  a skin  insulation  of  = 0.60  Btu/hr-ft^-  °R 
using  rock  wool.  The  solid  lines  represent  use  of  equation  (V-7)  for  free 
convection,  while  the  dashed  lines  represent  use  of  equation  (V-9)  with 
L of  one  foot.  The  effect  of  compartment  air  pressure  in  the  insulated 
compartment  is  not  so  great  as  that  for  the  uninsulated  compartment  in 
Figure  V-8.  This  results  from  the  lesser  importance  of  free  convection 
in  the  overall  heat  transfer  scheme  of  the  insulated  compartment.  The 
comparison  of  results  for  the  two  free  convection  equations  indicates 
that  it  makes  little  difference  which  equation  is  used  for  the  size  of 
equipment  considered,  where  L is  about  one  foot.  Figure  V-10  indicates 
that  this  conclusion  also  applies  for  a considerable  range  of  insulating 
effects. 


The  results  given  in  Figures  V-8  and  V-9  show  that  the  compart- 
ment air  pressure  exerts  a strong  influence  on  the  rate  of  equipment  tem- 
perature rise.  Free  convection  heat  transfer  is  the  dominant  part  of  the 
external  heat  load,  so  that  the  effect  of  compartment  pressure  on  free 
convection  might  well  be  used  to  advantage  in  producing  an  insulating  ef- 
fect against  external  heat  load.  Therefore  where  equipment  operation  is 
not  jeopardized,  the  use  of  low  compartment  pressures  is  indicated.  A 
particular  advantage  of  using  low  pressure  to  achieve  insulating  effect 
is  that  it  does  not  impose  the  space  and  weight  penalties  of  insulation 
materials.  As  with  insulation,  the  method  is  effective  only  in  reducing 
external  heat  load,  and  has  limited  value  for  equipment  of  large  heat 
generation. 

Figures  V-8,  -9,  and  -10  can  represent  cases  with  initial  equip- 
ment temperatures  above  460°R  by  modifications  of  the  time  scale,  as  de- 
scribed earlier. 

6.  Skin  Temperature 

Figure  V-ll  shows  the  effect  of  skin  temperature  on  the  rate  of 
equipment  temperature  rise.  The  initial  equipment  temperature  is  46o°R 
in  all  the  cases  shown.  Equation  (V-7)  is  used  to  describe  free  con- 
vection, and  rock  wool  insulation  is  used.  The  values  of  skin  tempera- 
ture are  total  temperatures  corresponding  to  flight  Mach  numbers  as  shown 
for  altitudes  in  the  isothermal  layer  at  atmospheric  temperature  of  393°R* 
In  order  to  actually  achieve  this  skin  temperature,  flight  Mach  numbers 
would  have  to  be  greater  than  those  given  to  account  for  the  recovery 
factor  being  less  than  unity  and  heat  flux  through  the  air  film  external 
to  the  skin. 

For  a given  equipment  temperature,  a higher  skin  temperature 
gives  greater  temperature  potential  between  skin  and  equipment.  This 
results  in  greater  external  heat  load,  and  a correspondingly  faster 
equipment  temperature  rise  for  the  higher  skin  temperature,  as  seen  in 
Figure  V-ll.  Inspection  of  the  curves  shows  that  the  slope,  or  rate  of 
equipment  temperature  rise  with  time,  is  about  the  same  for  equal  values 
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of  temperature  potential  (T  -T„),  where  different  skin  temperatures  are 
considered.  For  example,  when  the  equipment  of  a compartment  with  a skin 
temperature  of  1100° R is  at  Te  = 675°R,  (A're/A'T  ) is  nearly  the  same  as 
for  885°R,  and  Tg  = 460°R,  since  in  each  case  the  temperature  potential 
is  the  same,  and  the  generated  heat  loads  are  the  same.  This  relation- 
ship is  only  approximate,  however,  since  external  heat  load  is  not  solely 
dependent  on  temperature  potential,  but  is  also  a function  of  factors 
which  vary  with  temperature  level.  Since  the  skin  temperature  affects 
only  external  heat  load,  high  skin  temperatures  can  be  offset  by  use  of 
insulation,  low  compartment  pressures,  and  reflective  shielding  to  re- 
duce radiation  heat  load. 

7.  Surface  Rmlssivlty 

Surface  emissivities  are  not  studied  as  a variable  in  the  results 
presented,  but  their  effect  can  easily  be  predicted  in  a qualitative  sense. 
The  heat  transferred  by  radiation  is  proportional  to  the  emissivity  func- 
tion given  en  equations  (V-2)  and  (V-4)  as 


1 


Therefore  the  emissivity  function  exerts  the  same  influence  on  radiant 
heat  transfer  that  the  compartment  pressure  function,  £ 2/3  or  j l/2, 
exerts  on  convective  heat  transfer.  Accordingly,  the  surface  emissiv- 
ities will  be  important  when  the  equipment  and  compartment  characteristics 
sire  such  as  to  make  radiant  heat  transfer  important  in  the  overall  com- 
partment heat  transfer  scheme.  This  is  likely  to  be  the  case  where  the 
compartment  air  pressure  is  low,  so  that  little  heat  is  transferred  by 
free  convection,  and  the  sum  of  reidiantion  suad  free  convection  heat  trans- 
fer is  significant  in  magnitude  compared  to  generated  heat. 


SIMPLIFIED  ANALYSIS  AND  DESIGN  OF  INSULATION  FOR  AN  UNCOOLED  EQUIPMENT 

COMPARTMENT 


1.  Simplified  Analysis 

The  variation  of  external  heat  load  with  equipment  temperature 
has  been  evaluated  for  all  of  the  ceilculated  results  shown  thus  far. 

If  this  quantity  qQ  is  plotted  versus  T for  a constant  skin  temperature, 
compartment  pressure,  and  insulating  effect,  it  is  seen  to  be  nearly  a 
linear  function  of  Tg.  As  an  example.  Figure  V-12  shows  the  variation 
of  q^j  with  Tg  for  a number  of  insulating  effects,  using  rock  wool,  with 
Tw  = 1355°Nj  and-  ^ = 2.5.  It  is  seen  that  qQ  can  be  represented  as  a 

straight  line  function  of  Te  quite  accurately  for  all  of  the  insulated 
cases  shown,  and  that  it  is  a fairly  good  approximation  in  the  case  of 
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U.  =oo.  This  fact  permits  determination  of  for  a given  configuration 
by  calculating  qc  at  the  two  extremes  of  Te  of  interest,  and  interpolating 
linearly  between  them.  A calculation  procedure  based  on  this  approxi- 
mation is  considerably  simpler  than  the  trial  and  error  procedures  de- 
scribed earlier. 


Since  ^ can  be  represented  quite  well  as  a linear  function  of 
Te,  it  is  convenient  to  put  it  in  the  form 


% = a“bee 


(V-17) 


where  a and  b are  positive  constants,  and  ©e  = (Te-Teo),  for  Teo  at  the 
beginning  of  a transient  study.  By  substitution  in  equation  (V-15),  re- 
arranging, and  changing  to  the  differential  form  gives 

ffe  *(  £ W * 

ir  \mece/  cVce 


which  is  a first  order,  linear  differential  equation  with  constant  co- 
efficients. This  is  solved  to  give 


0 


e * 


(V-18) 


The  only  trial  and  error  calculations  required  to  use  equation 
(V-l8)  are  those  required  for  the  determination  of  qQ  for  the  initial 
and  final  values  fo  T of  interest.  This  determines  the  constants  a 
and  b of  equation  (V-17),  and  permits  application  of  equation  (V-l8)  to 
determine  ©e,  and  hence  Te,  at  any  time,  T. 


Equation  (V-l8)  can  be  solved  for  *T  to  give, 

r = fee)  lozJa+q€ 

\ b J \a-b©e+qn 


From  this  it  is  apparent  that  the  time  required  to  heat  equipment  to 
any  value  pf  ©e  is  directly  proportional  to  the  thermal  capacity  of 
the  equipment  as  found  earlier  with  equation  (V-l6). 

2.  Design  of  Insulation  for  an  Uncooled  Equipment  Compartment 

A method  for  selecting  the  proper  insulation  effect  to  use 
with  an  uncooled  aircraft  compartment  is  here  described.  The  general 
problem  of  determining  the  suitability  of  an  uncooled  compartment  as 
compared  to  a compartment  with  fuel  jacketing  or  cooling  effects  is 
discussed  in  Section  XI.  It  is  assumed  here  that  this  problem  has  been 
dealt  with  and  that  the  u3e  of  an  uncooled  compartment  has  been  decided 
upon.  It  is  also  assumed  that  all  of  the  factors  which  affect  equipment 
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temperature  rise  other  than  the  insulation  effect  have  been  established, 
»nri  are  not  subject  to  much  alteration.  As  examples,  it  is  assumed  that 
the  compartment  air  pressure  and  equipment  surface  emissivities  are  known. 

It  is  convenient  to  describe  this  design  procedure  in  terms  of 
a specific  example.  Suppose  it  is  desired  to  select  insulation  for  a 
compartment  so  that  the  equipment  temperature  will  not  exceed  900°R  in 
82  minutes  flight  time  under  the  following  conditions: 


Initial  equipment  temperature  = 

Skin  temperature  = 

Compartment  air  pressure  = 

Skin  area  associated  with 
compartment  = 

Total  weight  of  equipment  in 
compartment  = 

Average  specific  heat  of 
equipment  = 

Total  heat  generation  rate 
of  equipment  = 

Ratio  of  equipment  free 
convection  area  to  Bkin  area 
of  compartment  = 

From  the  above,  the  heat  generation  a 
a unit  area  basis  are  calculated. 


460°R 

1355°R 

2.5  atmospheres 
18  ft2 
200  lbs 

0.18  Btu/lb-°R 

6150  Btu/hr  = 1800  watts 

4 

id  thermal  capacity  of  equipment  on 


qrr  = Sg.  = 6150  = 341.3  Btu/hr-ft2 
^ Aw  18 

hlcp  = ^ece  = 200x.l8  * 2 Btu/0R-ft2 
* e 

An  approximation  is  used  to  determine  a representative  heat  load 
to  the  equipment.  It  is  assumed  that  the  variation  of  Te  with  /7'  is  ap- 
proximately linear.  Since  the  variation  of  qQ  with  Te  is  almost  linear, 
it  is  easily  shown  that  the  average  value  of  qQ  occurs  at.- the  average 
value  of  Te,  and  that  both  occur  at  the  middle  of  the  design  time  span. 
This  time  is. 


82  min  = 0.684  hr 
60  x 2 
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The  average  equipment  temperature  is, 

T = 900  + 460  = 68 0°R 
em  2 

Since  it  is  assumed  that  Te  varies  with  *f  approximately  as  a straight  line, 
equation  (V-15)  is  used  to  determine  the  average  heat  load  to  the  equip- 
ment from  the  skin, 

9om  = mece 

qom  = 2 x 900 -460  -341.3  = 302.7  Btu/hr-ft2 
82 
£5 


A trial  and  error  procedure  is  required  to  determine  the  insulation  ef- 
fect U-l  required  to  give  qQm  = 302. 7 Btu/hr-ft2  when  Tem  = 68o°R  and 
Tw  *s  1355°R.  The  procedure  is  carried  out  below,  with  values  shown  only 
for  the  final,  successful  trial.  In  this  procedure,  surface  emissivities 
have  been  taken  as  = 0.10  and  = 0.20,  and  equation  (V-9)  has  been 
used  with  L = 1 ft.  to  describe  free  convection  heat  transfer. 


1.  Assume  T^  = 906°R  (T.^  is  between  Tw  and  Tem) 


2.  Calculate  „ _ = 302.7  - 0.675  Btu/hr-ft2-°R 

1 (Tw-Ti)  1355-90^ 


3.  Assume  T = 734°R  (T„  is  between  T^  and  T ) 

a a 1 em 

4.  Calculate  h^.  = 1.24  x 10  ^ B 


where  B = 


5. 


from  Figure  AIV-1  B = 2030,  h^ 

Get  iAM 


= 0.252  Btu/hr-ft2- °R 


T^A 


at  Ti+Ta 


from  Figure  AIV-3 


0.2505 
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WA' 


at 


+ TP 


from  Figure  AIV-3 

1"  t1/' 

TP"; 


(! 


0.262 


h=i  * 


••  L1/^  (pt 2 

Jl/2 


^ AI/2^  fT  - T 


iA 


8. 


= 0.2505  x I.58O  x 3.62  = 1.432  Btu/hr-ft  -R 

h“  ■ (T*  - t/a 

= 0.2615  x 1.580  x 2.71  » 1.12  Btu/hr-ft2-°R 


9-  hc  = 


1 


+ 1 


= I.O85  Btu/hr-ft**-  °R 


cl 


Rh. 


ce 


1^32  4 x 1.12 


10. 


(T,  - T ) = = 3.02.7  = 226. 5°R 

h + h I.337 
c r 1 


11.  Ti  = (Tj  - Te)  + Te  = 226.5  + 680  = 906. 5°R 


12.  h . 

(Ta  - Te)  = i 


Rh, 


ce 


_ m ^ _ 1,085  (22 6)  _ 54.6°R 
e;  4.48 


13.  Ta  = (Ta  _ Te)  + Te  = A*6  + 680  = T3^.60R 

Since  the  calculated  results  in  steps  11  and  13  are  in  substantial 
agreement  with  the  assumed  values,  the  value  of  = O.675  Btu/hr  - ft-R 
is  correct. 

The  average  insulation  temperature  is  (Tw  + T^/2),  or  1130.5°R. 

From  Appendix  II  the  thermal  conductivity  of  rock  wool  insulation  at 
this  temperature  is  kj.  = O.O5S  Btu/hr-ft-°R,  so  the  insulation  thich- 
ness  is, 

x.  = ki  = O.O58  = 0.O86  ft. 


Ui 
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A set  of  charts  is  provided  in  the  Appendix  to  this  Section 
which  permits  making  the  above  trial  and  error  calculation  to  find 
graphically.  Figure  V-13  is  for  conduction  through  insulation.  For 
an  assumed  value  of  Uj_,  the  chart  is  used  by  traveling  parallel  to  the 
dashed-arrow  lines  to  determine  T..  The  next,  Figure  V-l4,  is  for  free 
convection  in  air,  and  is  used  wife.  this  value  of  and  the  pertinent 

values  of  Te  and  S,  to  find  q^.  This  convection  chart  is  based  on 
equation  (V~7)  to  describe  convection  coefficients  (unlike  the  example 
just  worked)  and  on  a standard  value  of  R = 4.  Since  the  difference 
between  equations  (V-7)  and  (V-9)  is  not  great,  the  chart  can  be  used 
for  a good  approximation  even  where  equation  ( V-9)  should  be  used.  The 
next  chart,  Figure  V-15,  is  for  radiation  heat  transfer,  and  is  in  two 
parts  to  cover  the  low  and  high  emissivity  ranges.  The  chart  is  used 
with  the  previously  determined  value  of  and  the  pertinent  values  of 
Te  and  € 1 , to  obtain  qr.  The  quantity  £x  is 

J. 

JL  1 - 1 

€e 

as  evaluated  for  the  insulation  and  equipment  surface  emissivities. 

The  resulas  qr  and  qc  from  the  last  charts  are  then  added,  and  if  the 
siim  agrees  with  qc  the  value  of  Uj;  used  in  the  trial  is  correct. 
Otherwise  a new  value  of  th  must  be  assumed,  and  another  trial  made. 

If  the  sum  (qc  + qr)  is  greater  than  qQ  the  value  of  U-^  should  be  de- 
creased for  the  next  trial,  and  conversely. 

With  the  value  of  insulation  thickness  found,  it  is  necessary  to 
make  a transient  evaluation  of  equipment  temperature  rise  with  time . 

This  will  be  done  by  the  method  of  using  a linear  variation  of  q with 
Te,  as  in  equation  (V-17),  and  then  applying  equation  (V-l3).  A trial 
and  error  calculation  is  required  to  determine  the  values  of  the  con- 
stants a and  b of  equation  (V-17)-  A sample  of  this  calculation  is 
carried  out  below,  showing  only  the  final  trial  calculation.  This  cal- 
culation must  be  made  for  two  values  of  Te,  which  in  this  case  are  taken 
at  the  beginning  and  end  of  the  transient  evaluation.  The  calculation 
shown  is  for  Tg  = 46o°R 

1.  Assume  T,  = 7^0°R  and  TD  = 52 6°R 

-L  d 

2,  Calculate  hr  = 1.24  x 10-1+  B 


from  Figure  AIV-1  B = 920 
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hr  = 0.114  Btu/hr-ft2-°R 


Get 


at 


Ti  + 


la 


6. 


n 


ce 


= 0.270  X I.58O  x 3.82  = I.63  Btu/hx-ft2-°R 

A1/2 

rp^/e 

= 0.289  X 1.58  X 2.85  = 1.30  Btu/hr-ft2-°R 


HA/ (T*  ' t=)1A 


7- 


hc  = 


4 + 1 1 .J.  1 

hci  ““ce  ^ 5-2 


=1.24  Btu/hr-ft^ 


8‘  ui  = ^ f°r  k±  at  Tw  + Ti  = io48°R 


9. 


l‘rom  Appendix  IJ,  ^ = O.O53  Btu/hr-ft-°R 
then  U*  = “P  = 0.616  Btu/hr-ft2-°R 
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(Tw  - Ti)  = h<=  * V dv  - Te> 

ui  + hc  + hr 

(Ty  - Tj.)  = ii2g  (C<)5)  = 615 
1 . >'  ( o 

I 

11.  T _ T - (1  - T.)  = 11, Vi  - 615  = 740°R 
i v ' w i 

92.  (Ta-Te)=|£  (Ti-Se) 

Khce  " 

1.24  (280)  = 66.8 

~ 5-2 

13.  Ta  = (Ta  - Te)  + Te  = 66.8  + 46 0 = 526. 8°R 

Since  the  calculated  results  of  steps  11  and  13  agree  with  assumed  values, 
qC)  can  he  determined  for  the  condition  Te  = 460°R 

14.  qo  = U±  (Tv  - Ti)  = 0.616  x 615  = 379  Btu/hr-ft2 

This  same  calculation  when  made  for  the  condition  Te  = 900°R,  gives 
= 216.3  Btu/hr-ft?  Defining  0e  = Te  - 460,  equation  (V-17)  for  the 
two  cases  becomes, 

379  = a - b xo 
216  = 2 - b x 440 
Solving  givea  a » 379^  b = O.37O 

Figures  V-13,-l4,  and  -15  of  the  Appendix  to  tMa  Section  can 
also  be  toed  to  solve  this  type  of  trial  and  error  calculation.  For 
the  assigned  conditions,  it  is  necessary  to  assume  T.,  then  evaluate 
at  the  average  insulation  temperature,  (Tw  + TjJ/2,  using  the  for- 
mula = (k^/x^)  for  the  insulation  material  and  thickness.  Figure 
V-I3  is  then  used  by  entering  with  Tj_  and  traveling  parallel  to  the 
dashed  arrow  lines  down  to  the  assigned  Tw,  across  to  the  Uj_  determined 
above,  and  down  to  q^  The  free  convection  and  radiation  charts  are 
then  vised  as  described  previously,  entering  with  the  assumed  value  of 
T.,  and  obtaining  q^  and  qr.  When  the  sum  (q^  + qr)  is  equal  to  q^,, 
the  value  of  qQ  is  correct.  Otherwise  a new  value  of  Tj_  must  be  assumed, 

and  another  trial  made.  If  the  sum  (qc  + qr)  is  greater  than  qQ  the 

assumed  value  of  should  be  reduced  for  the  next  trial,  and  conversely. 

The  free  convection  chart  should  be  used  only  if  R is  about  4 as  it  is 

based  on  this  value. 
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All  of  the  information  required  for  application  of  equation 
(V-l8)  has  now  been  determined.  Equation  (V-l8)  is  therefore  used  to 
determine  Tg  at  the  time  = 1.368  hr  (82  min), 

- (0.370  x 1.368" 

1 - e v 2 } 


ee  = 


379  +341.3 
0.370-  , 


9 = 436 
e 

Then  Te/-  = fie  + 460  = 896°R 

This  result  is  quite  close  to  the  design  value  of  900°R,  so  that  no  fur- 
ther trials  are  required.  If  this  had  not  been  the  case,  it  would  be 
necessary  to  revise  the  value  of  xi  by  estimation  and  repeat  the  cal- 
culations beginning  with  the  determination  of  qQ  at  Te  = 460°P.  and 
Te  = 900°R.  The  value  of  Xj_  should  be  increased  if  Tg^-  is  much  above 
900°R,  and  decreased  if  Te^-  is  much  below  900°R. 


The  selection  of  rock  wool  insulation  in  the  example  is  purely 
arbitrary.  The  physical  properties  of  the  insulation  seclected  determine 
the  thickness  required  and  the  constants  of  equation  ( ¥- l6 ) however,  so 
that  for  other  insulating  materials  recalculation  of  part  of  the  design 
example  would  be  required.  The  insulation  thickness  found,  i.e.  0.086  feet 
or  1.03  inches,  is  a reasonable  value  for  a compartment  of  large  size, 
particularly  since  it  might  be  difficult  to  utilize  space  very  close  to  the 
walls  of  a compartment  for  installation  of  equipment.  This  would  be  the 
case  where  the  space  near  walls  is  partially  occupied  by  structural  members, 
or  where  the  equipment  shape  is  not  similar  to  the  wall  contour.  If  this 
is  not  the  case,  the  designer  should  consider  the  use  of  additional  thermal 
capacity  with  the  equipment. 


3*  Use  of  Thermal  Capacity  as  Compared  to  Insulation 

It  is  interesting  to. make  a brief  comparison  of  the  performance 
resulting  from  additional  thermal  capacity  compared  with  insulation  on 
the  basis  of  weight  and  volume.  For  the  compartment  considered,  I.03  inches 
of  insulation  on  the  18  square  feet  of  skin  area  would  occupy  a volume  of 
1.545  cubic  feet.  For  an  insulation  such  as  rock  wool,  having  a bulk 
density  of  12  lb/ft^,  this  would  give  a weight  of  at  least  18.55  pounds. 

If  all  the  skin  insulation  is  removed  the  constants  a and  b of  equations 
(V-17)  and  (V-l8)  are  found  by  calculation  to  be,  a = 1750,  b = 1.98. 

If  the  insulation  is  replaced  by  an  equivalent  volume  of  Water  added  to 
the  equipment,  the  water  added  would  weigh  96.4  pounds,  and  would  increase 
the  thermal  capacity  of  equipment  per  unit  skin  area  by  5.35  Btu/°R-ft  . 
Applying  equation  (V-l8)  for  the  total  m^  value  of  7.35  Btu/°R-ft2  gives 
the  equipment  temperature  at  82  minutes  as  784°R,  which  is  a considerable 
improvement  over the  performance  offered  by  insulation  alone.  If  the  in- 
sulation is  replaced  by  an  equivalent  weight  of  water  added  to  the  equip- 
ment, the  water  would  weigh  18. 55  pounds,  and  would  increase  the  thermal 
capacity  of  equipment  per  unit  skin  area  by  I.03  Btu/°R-ft^.  Applying 
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equation  (V-18)  for  the  total  n^Ce  value  of  3*03  Btu/*R-ft2  gives  the 
equipment  temperature  at  82  minutes  as  1083*R,  which  is  inferior  to  the 
performance  offered  by  insulation  alone.  For  this  design  example  then, 
superior  performance  could  be  obtained  with  increased  thermal  capacity, 
but  at  an  expense  in  terms  of  weight.  In  other  cases,  having  a higher 
ratio  of  generated  heat  load  to  external  heat  load,  the  thermal  capacity 
effect  would  have  increasing  merit  as  compared  to  the  insulation  effect, 
since  insulation  is  ineffective  in  reducing  generated  heat  load.  The  use 
of  thermal  capacity  with  the  equipment  entails  seme  difficulties,  since 
for  best  effect  it  should  be  appropriately  distributed  among  the  equipment 
bodies.  Furthermore,  as  indicated  earlier,  its  true  merit  is  dependent  on 
the  relative  usefulness  of  space  well  inside  the  compartment  to  space  near 
the  walls.  This  relative  usefulness  is  difficult  to  evaluate  quantitatively. 


APPENDIX  TO  SECTION  V 


1.  Calculation  Procedures  for  Temperature  Rise  of  Equipment  in 
an  lincooled  Compartment  ~ 

Calculation  procedures  are  given  here  for  the  stepwise  evaluation 
of  equipment  temperature  rise  in  an  uncooled  aircraft  compartment.  Ebe 
first  procedure  is  for  a compartment  with  skin  insulation,  and  the  second 
is  for  a compartment  without  skin  insulation.  In  the  first  case  a sample 
interval  calculation  is  carried  along  with  the  procedure. 

Procedure  A:  Compartment  with  Skin  Insulation 

Given  Data: 

T„  = 1355°R 

5 « 2.5  atmospheres 

D^  * 0.40  Btu/hr-ft2#R  rock  wool  insulation 

« 2.0  Btu/ft2-*R 
R « 4 

e±  - 0.1,  6e  - 0.2 
Tei  - 701#R 
Tal  - 7^3 *K 
Ti;L  - 867°R 
qg  -0  Btu/ft2-hr 
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1.  Select  time  interval  A'T*  a 15  min 

2.  Assume  Te2,  Ti2  Te2  « 727°R 

Ta2  41  768  °R 

Ti2  * 889  “R 


3. 


Calculate  Tem, 


^im 

Tem  = 

727  + 701 

a»  — 

2 

768  + 743 

■‘•am  3 

2 

m 

889  + 867 

^im  = 

2 

7l4°R 

756°r 

878°r 


from  Figure  AIV-1 

4r  * 17  .4xl0-1*  x ,07l4xB  « 1.24xl0~4  x 2020  » 


5.  Get  (a*/$  2/3).  at  Tim  + gam 

1 2 

from  Figure  AIV-2 

Tm  = 878  | 756  , 8l7.R 
(a*/  §2/3)^  . 0.1585 
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6.  Get  (a'/ 5 2/3)e  at  2?aa  from 

Figure  AIV-2 

Taa  + T.pm  * 756  + 714  = 735°r 

2 2 

(a'/ S 2/3)g  » 0.l6$7 

7.  bCI  = (»•/ J2^  ( s 2/3)  (Ti^-T**)1^ 

hcl  = 0.1585  x l.Sbxt^a)1'3  = 1A5  Btu/hr-ft2 


8.  h a 1 

ce  \ $ 


j-aft)  ( 5 2/3)  (W/3 

hce  - O.I697  x 1.84  x ( 42)1/3  - I.O85  Btu/hr 


9*  hc  “ “I “ — 1~  = — X — - 1.087  Btu/hr-ft2- 

+ Bh^  OP5  + 4x1. 085 

10.  hc  + hr  - I.O87  + 0.253  » 1.34  Btu/hr-ft2-“R 

11.  qo  + qg  » (hc  + 1^)  (T^  - Tem)  + (jgj 


1.34  (164)  + 0 


.25  « 55  Btu/ft2 


12 

ATC  - <JO  + q^r  « 

55  - 27.5 

Be0* 

2 

13. 

Te2  - lei  + 0 

701  +27.5  » 728. 5°R 

14. 

Get  Ui  at  Tj^  from 

Figure  AIV-4  for  rock  wool 

UjL  a 0.459  Btu/hr-ft2-°R 
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15 


“ ^i2 


_ac  + 


U« 


hc  + hy 


s,Tw  - Te2i 


. 1*34 
1.799 


(626.5) 


h6i 


16.  Ti2  - Tv  - (Tv  - Ti2)  = 1355-467  = 888 °R 

17-  (7.2  - W ' (Ii2  ' T*2)  = 5350  <159'5)  - >«> 

ce 

18.  Ta2  - (T^  - Te2)  + Tg2  = 728.5  + 40  » ?68.5°R 

The  calculated  results  of  steps  13,  16,  and  18  agree  we 3,1  with  the 
assumed  values,  indicating  that  the  calculation  is  correct  for  the  inter- 
val shown.  In  using  this  calculation  procedure,  the  values  of  T^,  Ta-i_, 
and  Tep  are  taken  as  the  values  of  T^2,  Tqo,  and  Te2  of  the  previous 
interval.  To  start  a calculation  from  the  initial  assigned  values  of  Tw 
and  Tel>  it  is  necessary  only  to  determine  the  initial  values  of  T^  and 
Tgj  . This  can  be  done  by  using  the  same  calculation  procedure  without 
selecting  a time  interval,  and  omitting  steps  11,  12,  and  13. 


Procedure  B:  Compartment  Without  Skin  Insulation 
Given  Data: 

Tv  = 

8 . 

mece 


°R 

°R 

Btu/ft2-hr 


R 

€w 

■^el 

*al 


"R 

atmosphere 

Btu/ft2-°R 


2^5 
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1. 

Select  time  interval 

- 

min 

2. 

Assume  Te2  and 

*e2  » 

•r 

Ta2  " 

#R 

3. 

Calculate  Tem  and 

Tem  “ 

*R 

Tam  “ 

“R 

4 . Calculate  hr 


where  B a 


from  Figure  AIV-1 


Btu/ft2-hr-°R 


5.  Get  (a’/S2/^)  at  ^wm  + Tam 

v 2 

from  Figure  A IV- 2 

(a'/S2/3)„  = 


6.  Get  (a'/S2/3)  -am  + -‘•'em 

2 

from  Figure  AVI-'J 


(a'/ 8 2/3 )e  = _ 

7- 

hcv  - v-’/'S  S''3)w  (S  2/3)  (Tw  - T^)1!  , 

Btu/hr-ft2-°R 

8. 

V «(a’/  $ 2/3  (J2/3)  (Tani  . Tem)V3 

Btu/hr-f t2- °R 

9. 

CJ* 

1 

It 

H 

Btu/hr-ft-°R 

1,1  hc  a 

hcW  hhce 

2hS 
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H 

O 

• 

hc  + 

\ - 

Btu/hr-ft2-°R 

11. 

qo  + 

<lg  = Rhc  + hr)(Tw  " Tem)  + ^ 

(o 

(Oo  + «lg) 

3 

Btu/ft2 

12. 

AT. 

= ^.q  +„.9& 

= 

°R 

C 

mece 

e 



13. 

Te2  ' 

= Tel  + *Te 

Te2  - 

__°R 

Ik.  (TaP  - Te2)  = _£c_  (Tw  - Te2) 

Bhce 

(Ta2  - Te2)  = 


15.  Hq2  = (Ta2  - Te2)  + 0^2  ?a2  = °R 

When  the  calculated  results  of  steps  13  and  15  agree  with  the  assumed 
values,  the  interval  calculation  is  complete,  and  values  of  Te2  and  Ta2 
are  used  as  Tel  and  Tal  for  the  next  interval. 


2.  Graphical  Solutions  for  Conduction,  Free  Convection,  and 
Radiation 


The  equations  describing  heat  oonduction  through  insulation, 
free  convection,  and  radiation  can  be  solved  in  graphical  form.  This  is 
particularly  desirable  when  a large  number  of  calculations  are  to  be 
made,  and  where  extreme  accuracy  is  not  required.  Figure  V-13  is  a 
graphical  solution  to  equation  (V-l).  It  is  constructed  by  first  plot- 
ting the  function  (Ty-T.^),  using  an  abscissa  scale  for  T^,  an  ordinate 
scale  for  the  function,  and  lines  of  constant  Tw.  Using  the  same  ordin- 
ate scale  for  the  function  (Tv-Tj.)  an  abscissa  scale  is  laid  off  in  values 
of  qo,  and  lines  of  constant  Uj_  are  plotted  to  fit  the  (Tw-Ti)  and  q^, 
scales.  The  chart  can  be  used  to  find  either  qQ  or  Uj^  when  the  other 
three  variables  are  known.  Figure  V-lk  is  a graphical  solution  to  equa- 
tion (V-12)  and  is  constructed  in  a manner  similar  to  Figure  V-13.  The 
ordinate  scale  of  Figure  V-l4  (not  shown)  is  laid  off  in  units  of  the 
function 


(sftxth 


(Ti  - Te) 


^ci 


Rhce 


which  is  a function  independent  of  pressure.  Figure  V-l4  is  constructed 
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o Figure  'V-14 
Free  Convection  in  Air 


using  a value  of  R = 4,  and  can  be  used  with  precision  only  for  this 
value.  For  values  near  K = 4,  it  can  be  used  as  an  approximation.  Figure 
V-15  is  a graphical  solution  of  equation  (V-3)  with  the  ordinate  scale 
(not  shown)  laid  off  to  values  of  the  function. 


The  function  € ' is  defined  as 


Figure  V-15  is  in  two  parts.  Part  a is  for  low  values  of  emissivity  func- 
tion, while  part  b is  for  higher  values  of  the  emissivity  function. 

Two  applications  for  the  series  of  charts  Figures  V-13,-l4,  and  -15 
are  given  in  the  example  of  design  of  insulation  for  an  uncooled  compart- 
ment. In  addition,  they  may  be  used  to  do  an  interval  calculation  of  the 
type  given  in  this  Appendix.  To  calculate  an  interval,  the  value  of  Te2 
is  first  assumed,  and  the  value  of  Tem  calculated.  Then  the  value  of  T-im 
is  assumed,  and  the  value  of  = k^/xj.  is  evaluated  for  the  mean  insula 

tion  temperature,  either  from  a prepared  chart  of  versus  Tim  or  by 
calculation  for  ki  at  (T^  + Tim)/2.  The  conduction  chart  is  then  used, 
entering  with  Tim  and  moving  parallel  but  opposite  to  the  dashed-arrow 
lines,  to  get  q0.  The  free  convection  chart  is  used  next,  entering  with 
Tim  obtaining  q^.  corresponding  to  ^em  and  . The  radiation  chart  is 
next  used,  entering  with  Tim  and  obtaining  qr  for  Tem  and  the  appropriate 


When  the  sum  (qc  + qr)  equals  the  value  of  c^,  the  value  of  Tim  assumed  is 
correct.  The  quantity  qQ  is  then  used  in  the  equation. 


ATe 


+ qg) 

“eCe 


This  value  of  ATe  is  then  used  to  determine  the  value 

Te2  - Tei  + *Te 
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Figure  V-15a 
Radiation 
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/ 


If  Tep  agrees  with  the  assumed  value,  the  interval  calculation  is  can- 
pie  tea,  and  is  repeated  for  the  next  interval.  All  heat  transfer  rates, 
heat  generation  rates,  and  thermal  capacities  are  on  a unit  skin  area 
basis,  as  before.  The  charts  are  based  on  a value  of  R = k,  so  should 
not  be  used  in  cases  where  the  ratio  of  free  convection  to  radiation  area 
of  equipment  differs  appreciably  from  that  value. 

These  charts  were  actually  designed  for  use  in  the  calculations  indi- 
cated in  the  design  example,  and  hence  are  somewhat  awkward  for  use  in 
the  calculation  above.  For  most  purposes  it  is  more  convenient  to  make 
a transient  analysis  of  equipment  temperature  rise  with  equations  (V-17) 
and  (V-l8),  using  the  charts  as  indicated  in  the  design  example  to  estab- 
lish the  constants  of  equation  (V-17). 


3.  Reference 

(V-l)  Brown,  A.  I.  and  Marco,  S.  M.  Introduction  to  Heat 
Transfer . Second  Edition,  McGraw-Hill  Book  Company, 
Inc.,  New  York,  1951. 
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SECTION  VI 


TEMPERATURE  RISE  OF  EQUIPMENT  IN  A FUEL-JACKETED 
COMPARTMENT  IN  SUPERSONIC  FLIGHT 

By  T.  C.  Taylor  and  Y.  H.  Sun 


Compartment  fuel  jacketing  is  one  method  of  preventing  excessive 
temperature  rise  of  equipment  during  supersonic  flight.  Flat  ducts  or 
tubes  of  fuel  can  be  arranged  along  the  inside  of  the  skin  insulation  so 
as  to  absorb  the  external  heat  load  entering  through  the  skin.  The  ex- 
ternal load  insofar  as  interior  equipment  is  concerned  is  then  reduced  to 
the  heat  transfer  between  the  fuel  ducts  and  the  equipment  by  means  of 
ffee  convection  and  radiation.  This  heat  transfer  is  a cooling  effect 
if  the  fuel  temperature  is  lower  than  the  equipment  temperature.  This 
method  of  protecting  equipment  from  excessive  temperature  rise  is  inter- 
mediate to  the  cases  of  an  uncooled  compartment  and  a compartment  with 
Internal  cooling.  The  protection  of  equipment  against  external  heat  load 
in  the  fuel-jacketed  compartment  is  almost  perfect,  and  thus  superior  to 
the  performance  of  insulation  of  any  reasonable  thickness.  The  jacketed 
compartment  does  not  deal  very  effectively  with  generated  heat,  however, 
and  in  this  respect  is  inferior  to»cooled  compartments.  Two  salient 
advantages  of  fuel-jacketing  are  that  it  uses  a coolant  which  is  already 
present  in  any  liquid-fuel  burning  aircraft,  and  that  it  uses  it  in  a way 
which  does  not  occupy  valuable  Installation  space  near  the  center  of  the 
compartment.  Tending  to  offset  these  are  the  constructional  complications 
involved  and  the  possible  reduced  accessibility  of  the  compartment. 

In  this  section,  an  analysis  is  developed  to  evaluate  the  temperature 
rise  of  equipment  in  a fuel- jacketed  compartment.  It  is  emphasized,  how- 
ever, that  even  where  thermal  performance  would  be  satisfactory,  construc- 
tional limitations  may  preclude  the  use  of  this  method. 


SUMMARY 

The  temperature  rise  of  equipment  in  a fuel- jacketed  compartment  is 
considered.  It  is  assumed  that  the  compartment  is  fitted  with  flat  fuel 
ducts  at  the  inner  face  of  the  skin  insulation.  The  fuel  thus  receives 
heat  coming  through  the  insulation  from  the  skin,  and  exchanges  heat  with 
the  equipment  by  free  convection  and  radiation.  Equations  are  developed 
to  describe  all  of  the  heat  transfer  and  heat  storage  mechanisms.  A trial 
and  error  calculation  procedure  is  developed  from  the  equations,  using  a 
stepwise  application  of  the  equations  to  evaluate  the  temperature  rise 
with  time  of  equipment. 

A design  and  a rapid  evaluation  procedure  are  given.  The  design  pro- 
cedure determines  the  thickness  of  skin  insulation  required  to  meet  a 
maximum  fuel  temperature  specification  for  the  selected  fuel  duct 
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dimensions  and  fuel  flow  rate . A preliminary  evaluation  procedure  is 
given  which  indicates  whether  in  certain  cases  a fuel-jacketed  compart- 
ment can  give  satisfactory  equipment  temperature  performance . In  other 
cases  a. more  detailed  evaluation  procedure  is  required.  The  more 
detailed  procedure  involves  trial  and  error  calculations,  but  is  based 
on  simplifications  of  the  general  calculation  procedure . 

Equipment  temperature  rise  characteristics  are  calculated  for  a 
variety  of  compartment  and  equipment  characteristics.  The  salient  con- 
clusions based  on  the  results  of  these  calculations  are  summarized  as 
follows : 

1.  The  equipment  temperature  in  a fuel- jacketed  compartment  must 
always  be  between  the  fuel  temperature  and  that  temperature  which  the 
equipment  would  attain  if  it  exchanged  no  heat  with  its  surroundings . 

The  latter  temperature  is  easily  computed  from  the  equipment  thermal 
capacity  and  heat  generation  rate.  Where  the  fuel  temperature  is  above 
the  equipment  temperature  some  heat  is  transferred  from  the  fuel  to  the 
equipment,  but  it  is  usually  small  compared  to  that  which  would  be  trans- 
ferred without  the  fuel  jacket,  since  fuel  temperatures  are  less  than 
skin  temperatures  for  supersonic  flight.  When  the  fuel  temperature  is 
below  the  equipment  temperature,  the  equipment  is  entirely  protected 
from  the  external  heating,  and  is  cooled  somewhat  by  transfer  of  heat 

to  the  fuel  jacket. 

2.  As  in  the  case  of  an  uncooled  compartment,  equipment  with  greater 
heat  generation  has  more  rapid  temperature  rise.  Therefore,  when  fuel 
temperatures  are  below  equipment  temperature,  the  equipment  with  higher 
heat  generation  furnishes  greater  temperature  potential  to  transfer  heat 
to  the  fuel,  giving  greater  heat  transfer  rates. 

3-  In  the  range  of  fuel  flow  rates  from  500  to  1000  lb/hr-ft2, 
based  on  skin  surface  area,  the  fuel  flow  rates  do  not  greatly  affect 
the  equipment  temperature  rise.  For  the  two  fuel  rates  studied,  the 
lower  one  gives  a slightly  greater  rate  of  equipment  temperature  rise 
with  time.  The  small  effect  of  fuel  flow  rate  is  due  to  two  factors. 
First,  the  thermal,  capacity  of  the  fuel  is  great  compared  to  the  heat 
it  receives,  resulting  in  a small  temperature  rise.  Second,  the  resis- 
tance to  heat  flow  on  the  fuel- side  of  the  inner  heat  transfer  surface 
is  very  small  compared  to  the  resistances  to  heat  flow  by  free  convec- 
tion and  radiation  on  the  compartment -side  of  the  inner  heat  transfer 
surface . 

4.  The  ratio  of  free  convection  to  radiation  heat  transfer  area  of 
the  equipment  has  little  effect  on  the  rate  of  equipment  temperature  rise 
in  a fuel- jacketed  compartment.  Modifications  in  the  arrangement  and 
extent  of  equipment  surfaces  therefore  cannot  be  used  as  a means  of  re- 
ducing equipment  temperature  rise . Efforts  to  reduce  temperature  rise 
should  concentrate  on  changes  of  surface  emissivity  of  bodies  exchanging 
heat  by  radiation,  and  on  compartment  air  pressure,  which  has  a dominant 
effect  on  heat  transfer  by  free  convection. 
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5.  Insulation  must  be  used  between  the  skin  and  the  fuel  ducts  for 
two  reasons.  First,  the  insulation  prevents  exposing  the  fuel  to  the  high 
temperature  of  the  skin.  Second,  the  insulation  reduces  heat  flow  into 
the  fuel  from  the  skin,  and  thus  reduces  the  temperature  rise  of  the 
fuel.  For  a skin  temperature  of  1355°R  and  for  available  fuel  flow  rates 
of  500  to  1000  lb/hr-ft2,  the  insulation  thickness  required  to  limit  the 
fuel  temperature  rise  to  less  than  8°R  in  about  0.3  in*  for  insulations 
like  rock  wool. 


ANALYSIS 

1.  Assumptions  for  Analysis 

The  typical  configuration  of  a fuel- jacketed  compartment  is 
shown  schematically  in  Figure  VI-1.  The  compartment  shown  is  cylindri- 
cal in  form,  although  the  analysis  is  applicable  to  any  shape . 


i yMy//y/////77777777777/77^  _ 


SKIN 

INSULATION 
FUEL  DUCT 


BULKHEAD 

EQUIPMENT 


wzzzzy&7zyz/^y^£2ZA 


Figure  VI-1.  Schematic  of  Fuel- Jacketed  Compartment 


Heat  flows  inward  from  the  high -temperature  skin  to  the  fuel  cool- 
ant in  the  ducts.  Insulation  is  provided  between  the  skin  and  the  ducts 
to  prevent  contact  between  hot  skin  and  the  fuel.  The  variation  of  in- 
sulation thermal  conductivity  with  temperature  is  accounted  for,  but 
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insulation  thermal  capacity  is  neglected.  The  film  heat  transfer  co- 
efficient .for  fuel  in  the  duct  is  included,  assuming  laminar  flov  con- 
ditions. -This  condition  is  most  likely,  since  fuel  ducts  would  be  large 
in  proportion  to  fuel  flow  rates  so  as  not  to  produce  objectionable  pres- 
sure drop.  The  skin  of  the  aircraft  is  assigned  a constant  temperature, 
a simplification  which  is  explained  in  Section  IV. 

In  addition  to  receiving  heat  from  the  skin,  the  fuel  in  the  duct 
also  exchanges  heat  with  the  equipment.  Heat  is  transferred  between  the 
equipment  and  the  inner  surface  of  the  fuel  duct  by  free  convection  and 
radiation  only,  and  between  the  duct  surface  and  the  fuel  by  forced  con- 
vection through,  the  fuel  film. 

The  evaluation  of  free  convection  and  radiation  heat  transfer  is 
treated  in  the  same  manner  as  in  Section  V.  An  average  equipment  sur- 
face temperature  is  used,  and  the  average  inner  fuel  duct  surface  tem- 
perature is  used  for  writing  the  heat  transfer  equations  between  these 
two  surfaces.  Average  free  convection  coefficients  are  used,  and  the 
emissivlties  assigned  to  surfaces  involved  in  radiant  heat  transfer  are 
assumed  to  be  constant  with  varying  temperature. 


2 . Nomenclature 


Symbol 

A 

i 


B 

b 


Definition 


h 

k 

L 

m 


Area 


Units 


ft£ 


Group  of  properties  for  free 
convection,  used  in  equation 
(VI-6). 

Temperature  function  for  radia- 
tion, used  in  equation  (IV-5) 

Group  of  properties  for  forced 
convection  over  flat  plates, 
defined  for  equation  (VI-2) 

Specific  heat 

Specific  heat  at  constant 
pressure 

Heat  transfer  coefficient 
Thermal  conductivity 
Length  of  fuel  duct 
Wteight  per  unit  skin  area 


“r3 


Btu/lb-°R 

Btu/lb-°R 

Btu/hr-ft2-°R 

Btu/hr-ft-°R 

ft 

lb/ft2 
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cal 


ygbol 

Pr 

fcj 

<1 

R 


Re 

T 

U 

V 

W 

x 

°< 

S 

£ 

e 

n 

t 


Definition 


Units 


Prcndtl  modulus 
Volume  floir  rate 

Heat  transfer  rate 

Ratio  of  free  convection 
to  radiation  area  of  equip- 
ment 

Reynolds  modulus 
Absolute  temperature 
Thermal  conductance 
Velocity 

Weight  flow  rate  per  unit 
skin  area 

Length 

Proportionality  symbol 
Weight  density 


dimensionless 
ft-' /hr 

Btu/hr-ft2 

dimensionless 


dimensionless 

°R 

Btu/hr-ft2- *R 
ft/hr 
lb/ft2-hr 
ft 

lb/ft3 


Pressure 

Emissivlty 

Temperature  potential 

Viscosity 

Time 

Time 


dimensionless 

dimensionless 

°R 

lb/ft-hr 

hr 

min. 


Subscripts 

a Denotes  air 

c Refers  to  convection 

d Denotes  duct  wall  spacing 

e Denotes  equipment 
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Subscripts 


Definition 


f Denotes  fuel 

fe  Denotes  fuel  at  entrance  to  duct 

fL  Denotes  fuel  at  exit  of  duct 

i Denotes  insulation 

if  Denotes  heat  transfer  from  insulation  to  fuel 

it  Denotes  insulation  of  fuel  tank 

m Denotes  average  value 

o Denotes  external,  value 

p Denotes  previous  interval 

r Refers  to  radiation 

s Denotes  inner  duct  surface 

sf  Denotes  surface  to  fuel 

w Denotes  skin 

1,2  Denotes  initial  and  final  values  of  an 

interval 


3 • Derivation  of  Equations 

a.  Heat  Conduction  through  Insulation 

An  equation  for  heat  transfer  rate  through  the  insulation, 
based  on  a unit  skin  area,  is, 

q0  = UiCV^i)  (VI-1) 

where  Uj_  =»  kj_/xj_.  The  method  of  accounting  for  variation  of  thermal 
conductivity  with  temperature  in  a stepwise  calculation  is  given  in 
Appendix  II. 

b.  Forced  Convection  Heat  Transfer  in  the  Fluid  Ducts 


Since  a construction  using  flat  ducts  for  fuel  is  assumed, 
a flat  plate  heat  transfer  coefficient  is  used.  Reference  (VI-l)  gives 
an  expression  for  the  heat  transfer  coefficient  where  fluid  flows  in 
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laminar  flow  parallel  to  a flat  plate  as, 

Vf 


which  is  suitable  for  Re  = 300,000  and  below.  This  is  put  in  the  form, 

hf  = 0.66  b Vf°*5  (VI-2) 

where  b(x)0*^  = 


Values  of  b(x)  are  plotted  as  a function  of  temperature  in  Figure 
VI-9  contained  in  the  Appendix  to  this  Section,  for  use  in  calculations 
involving  equation  (VI-2).  Values  of  b(x)®*5  as  taken  from  the  plot  are 
divided  by  (x)0-5,  to  obtain  b of  equation  (VI-2).  The  length  x repre- 
sents the  characteristic  dimension  of  the  flat  duct,  which  is  taken  as 
its  length.  The  use  of  the  flat  plate  equation  and  the  duct  length  to 
define  characteristic  length  for  a flat  duct  is  rigorous  only  if  the 
spacing  between  duct  walk  is  somewhat  greater  than  twice  the  thickness 
of  a fluid  boundary  layer.  For  very  narrow  ducts  it  is  used  as  an 
approximate  method  of  defining  the  heat  transfer  coefficient. 

The  value  of  b for  use  in  equation  (VI-2)  should  be  determined  at 
the  average  temperature  of  the  fluid  film.  In  the  case  of  the  fluid 
film  at  the  duct  wall  facing  the  insulation,  this  average  temperature 
is  (Ti+I^)/2,  as  based  on  instantaneous  temperatures  at  the  insulation 
face  and  of  the  fuel.  For  the  fluid  film  at  the  interior  duct  wall,  the 
average  temperature  is  (Tf+Ts)/2,  as  based  on  instantaneous  values. 

Heat  transfer  rates  through  the  fluid  films,  per  unit  skin  area,  are 
described  by  the  equations, 

% - <lif  - hif(Ti-Tf)  (VI-3) 

for  the  insulation-side  duct  surface,  and, 

qSf  = hsf(Ts-Tf ) (VI-4) 

for  the  inner  duct  surface . 

c.  Radiation  Heat  Transfer 

In  keeping  with  the  practice  of  Section  V,  the  radiation 
heat  transfer  rate  based  on  a unit  skin  area  is  given  by, 

qr  = hr(Te-Ts)  (VI-5) 
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where 


The  function  of  temperatures  is  given  as  B in  Figure  A-IV-1. 

The  emissivity  values,  6S  and  £e,  are  chosen  to  represent  the  sur- 
faces exchanging  heat  by  radiation.  For  this  analysis,  values  of 
£s  = 0.1  and  £e  — 0.2  are  used  in  describing  hj..  The  values  of  emis- 
sivity for  a large  variety  of  surface  conditions  and  materials  are  given 
in  Reference  (VI-2).  The  form  of  the  emissivity  factor  given  in  hj. 
above  is  for  the  case  of  radiation  heat  exchange  between  a body  and  its 
enclosure  -when  the  body  is  large  compared  to  the  enclosure . This  is 
likely  to  be  the  case  in  an  aircraft  compartment  filled  with  equipment. 

d.  Free  Convection  Heat  Transfer 


An  expression  for  the  free  convection  heat  transfer  co- 
efficient in  the  compartment  air  is  developed  in  Section  V as. 


2/3  fti/3 


- (-&*)  t * 


(VI-6) 


where  (a  vs2/3)  is  a group  of  physical  properties  for  air,  given  as  a 
function  of  air  temperature  in  Figure  A -IV- 2.  The  average  film  tempera- 
ture is  used  to  evaluate  (a'/&2'3).  Thus,  the  temperature  potential  0 
for  the  coefficient  at  the  equipment  surface  is  (Te-Ta)  and  the  average 
film  temperature  is  (l^+Ta)/2.  The  temperature  potential  G for  the  co- 
efficient at  Hie  duct  surface  is  (Ta-Ts),  and  the  average  film  tempera- 
ture is  (Ta+Ts)/2. 

Using  equation  (VI-6)  with  the  appropriate  temperature  potential, 
the  free  convection  heat  transfer  rate,  based  on  a unit  skin  area  is 


qc  — RkceC^e-Ta) 


(vi-7) 


for  the  equipment  surfaces, 
and. 


Qc  = kcs(Ta-Ts) 


(VI-8) 


for  the  duct  surface. 

The  factor  R is  the  ratio  of  effective  free  convection  to  radiation 
surface  area  of  the  equipment. 
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e . Heat  Balance  for  Equipment 

The  overall  equation  for  free  convection  heat  transfer 
between  the  equipment  and  the  duct  surface  is  found  by  combining  equa- 
tions (VI-7)  and  (VI-8)  to  give. 


^ ~ it  n (v*s) 

hcs  Rhce 

where  an  overall  free  convection  heat  transfer  coefficient  is  defined  to 
give 


qc  = txc(Te-Ts)  (VI-9) 

Equations  (VI-5)  and  (VI-9)  are  then  combined  to  give  the  total  heat 
transfer  rate  between  the  equipment  and  duct  surfaces, 

%+%.  =*  (hc+hr)(Te-Te)  (VI-10) 

A heat  balance  equation  is  next  written  for  the  equipment,  describ- 
ing the  change  of  equipment  temperature  with  time.  For  heat  generating 
equipment,  this  heat  balance  is, 

<Jg  = %ce  £5*  + (Vhr  )(Te-Ts  ) (VI-ll) 

In  this  equation,  the  generated  heat,  q^,  and  the  equipment  thermal 
capacity,  fflgCg,  must  be  expressed  on  a unit  shin  area  basis,  as  explained 
in  the  Analysis  portion  of  Section  V. 

f.  Heat  Balance  for  the  Fuel 


The  overall  heat  transfer  between  the  skin  and  the  fuel  is 
found  by  combining  equations  (VI-l)  and  (VI-3)  to  give 


4if  » % - T ~ 1-  (Tv-Tf)  (VI-12) 
Ui  + 5If 

The  heat  transfer  between  the  inner  duct  surface  (facing  the  equip- 
ment) and  the  fuel  is  given  by  equation  (VI-4).  Using  equations  ( VI-12) 
and  (VI-4),  a heat  balance  equation  is  written  for  the  fuel. 


qo  + qsf  = WfcfATf  (VI-13) 

where  Wf  is  the  weight  flow  rate  of  fuel  per  unit  time,  based  on  a unit 
skin  area  for  the  compartment. 
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The  fuel  temperature,  Tf,  appearing  in  equations  ( VI-3,  _12  an*3- 

-13 ) is  in  general  variable  with  time  because  of  fuel  heating  at  its 
source,  or  In  the  storage  tank.  The  temperature  rise  of  the  fuel  in 
storage  tanks  during  supersonic  flight  is  treated  in  Appendix  III.  Some 
of  the  results  given  there  are  used  in  the  calculation  procedures  for 
evaluating  equipment  temperature  rise  in  a fuel- jacketed  compartment. 


3 . Procedure  for  Calculation  of  Equipment  Temperature  Rise 
with  Time 


a.  General  Method 


The  derived  heat  balance  equations  (VI-ll)  and  (VI-13)  must 
be  satisfied  simultaneously  to  determine  the  equipment  temperature  Te 
for  any  assigned  timex.  A direct  solution  is  not  feasible  because  of 
the  functions  required  to  describe  forced  convection,  free  convection, 
and  radiation  coefficients,  the  independent  variation  of  fuel  temperature 
with  time,  and  the  complex  interdependence  of  temperatures.  It  is  there- 
fore necessary  to  use  a stepwise  calculation  procedure.  Two  methods  of 
stepwise  calculation  are  applicable  to  this  problem.  The  first  uses  the 
heat  transfer  rate  and  heat  balance  equations  in  their  stated  form,  eval- 
uating all  heat  transfer  coefficients  at  the  initial  values  of  tempera- 
ture for  the  interval,  and  solving  equation  (VI-ll)  for  Te,  the  equip- 
ment temperature  at  the  end  of  the  interval.  This  method  is  not  accurate 
for  large  time  intervals  A x.  The  second  method  is  to  use  average  values 
of  temperatures  during  a time  interval  for  the  evaluation  of  all  heat 
transfer  coefficients  and  heat  transfer  rates.  Since  the  average  tem- 
perature for  an  interval  is  unknown  at  the  start  of  an  interval  calcula- 
tion, this  method  requires  a trial  and  error  solution  based  on  assumed 
values.  This  method  involves  more  work,  but  is  more  accurate  for  an 
interval  of  given  size.  The  trial  and  error  method,  is  described  here, 
since  it  is  more  generally  applicable.  The  method  based  on  initial 
temperatures  is  an  obvious  simplification  of  the  described  method. 

For  any  set  of  conditions,  describing  the  compartment  and  equipment 
characteristics,  there  are  six  temperatures  which  define  the  thermal 
condition  of  the  compartment.  The  first  of  these  is  Tw,  which  is  assumed 
constant  and  the  others  are  T*,  Tf,  Ts,  Ta,  and  Te,  which  are  all  vari- 
able with  time.  A trial  and  error  calculation  involving  so  many  variable 
temperatures  would  be  extremely  difficult  were  it  not  for  the  fact  that 
certain  of  these  temperatures  are  rather  closely  restricted  in  value. 

The  entrance  temperature  of  the  fuel  Tfe  is  known  for  any  instant  of 
time  from  a plot  of  fuel  temperature  vs.  time  (See  Appendix  III).  The 
average  entrance  temperature  Tfem  can  then  be  found  at  the  middle  of  any 
time  interval  At  from  such  a plot.  The  mean  temperature  of  the  fuel  is 
not  this  mean  entrance  temperature,  however,  but  is  somewhat  higher  due 
to  heat  received  by  the  fuel.  This  heat,  q^f  can  be  found  very  accurately 
by  estimate  and  varies  only  slightly,  so  that  T-^  can  be  predicted  with 
ease.  The  temperatures  Tj.  and  Ts  are  both  quite  cLose  to  Tf^,  and  differ 
from  it  by  amounts  which  vary  slowly,  so  that  they  may  also  be  predicted 
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with  ease.  The  remainder  of  the  temperatures,  Ta  and  Te  are  then  the 
only  ones  which  could  vary  with  sufficient  rapidity  to  offer  any  dif- 
ficulty in  assuming  values. 

The  calculation  procedure  is  described  in  principle  here . A 
detailed  calculation  procedure  and  sample  calculation  are  given  in  the 
Appendix  to  this  section.  The  procedure  is  described  on  the  basis  of 
calculating  one  time  interval  AT  where  the  subscripts  1,  2,  and  m refer 
to  values  at  the  beginning,  end  and  middle  of  the  interval,  respectively, 
and  where  the  average  value  for  any  quantity,  for  example  T^,  is  always 
found  from  a form  such  as 


Tffc  = g£l+T£2 

2 

The  initial  temperatures  that  must  be  found  at  the  very  beginning  of  a 
calculation  are  found  by  a simplified  procedure,  omitting  many  of  the 
steps  of  the  standard  interval  procedure . The  simplifications  allowed 
are  indicated  in  the  Appendix  to  this  section. 

b.  Calculation  of  an  Interval 


After  finding  Tfem  for  the  middle  of  the  time  interval  from 
the  fuel  time  temperature  plot,  the  value  of  hf  is  found  from  equation 
(VI-2),  evaluating  b at  T^em.  For  this  purpose  Vf  must  be  known  from 
the  fuel  duct  design  and  the  fuel  flow  rate.  Then,  q-j_p  can  be  estimated 
from  a modification  of  equation  ( VI-12)  in  the  form. 


■(rn’UVTfcm) 

Ui  hf 


where  is  taken  from  the  previous  interval.  Equation  ( VI-13)  is  next 
solved  for  ATf,  using  qgfm  from  the  previous  interval,  since  qsfin  is 
generally  quite  small  compared  to  q^qpp . The  value  of  c^  for  equation 
(VI-13)  is  taken  from  Figure  AT-2  at.  Tfem.  The  mean  temperature  of  the 
fuel  is  next  estimated  from, 


Tfm  “ Tfem+ATf 
2 

The  value  of  T-^  is  next  assumed,  where  (Ti2-Til) ^ (’rfe2~^fel) 


Then  Tim  is  calculated  as, 

^TiS+Til 

Then  the  film  temperature  (Tim+Tfm)/2  is  calculated,  and  a more  accurate 
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evaluation  of  the  film  heat  transfer  coefficient  h^fm  is  based  on  this 
film  temperature,  using  equation  (VI-2).  The  more  accurate  calculation 
of  external'  heat  load  to  the  fuel  qifm  is  then  made  from 

^ “(ill)  W 

^i  kifm 

with  Uj_  based  on  the  value  of  T-im  recently  found.  If  q^f^  agrees  with 
qj_f  sufficiently  close  that  ATf  would  not  be  changed  more  than  3°R  by 
using  qifja,  the  calculation  need  not  be  repeated;  otherwise  the  calcula- 
tion is  repeated  from  the  determination  of  AT^  onward.  This  rarely  is 
necessary. 

Tsm  is  next  approximated  from 

Tsm  “ Tfni  + 

V^sfiijp 

where  the  subscript  p denotes  the  previous  interval.  Te2  and  Tnp  are 
assumed,  and  the  values  of  Tem  and  Tam  are  calculated.  If  Te  and  Tf  are 
about  equal,  initially  or  at  any  other  time  during  the  calculation,  Te2 
can  be  estimated  from 


Te2  ^ + 


qgAT 

mece 


Otherwise  Te2  will  be  less  than  that  found  by  this  estimation  formula 
for  Te  > Tf,  and  greater  than  given  by  the  formula  for  Te  < Tf . 


The  value  of  hr  is  next  determined,  as  based  on  Tsm  and  Tem,  and 
the  value  of  q^.  determined  from  equation  (VI-5)  based  on  these  same 
temperatures.  Using  Tgm,  Tg^,  and  Tem,  values  of  hce  and  h are  found 
as  in  Section  V,  and  the  value  of  hc  is  calculated  for  use  in  equation 
(VI-9).  Then,  ^ is  calculated  from  equation  (VI-9)  and  qgfffl  is  calcula- 
ted from. 


<lsfm 


Equation  (VI-k)  is  solved,  using  all  quantities  with  m subscripts,  as  a 
check  on  Tsm.  This  calculated  result  should  agree  closely  with  the  value 
estimated  earlier.  If  not,  recalculation  is  required,  using  the  first 
calculated  result  as  the  estimated  value.  Agreement  within  1°R  is  suf- 
ficient, and  very  easily  achieved  by  the  estimation  formula  given,  so  that 
recalculation  is  rarely  necessary. 
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Equation  (VI-ll)  is  next  solved  for  Al^,  using  coefficients  and 
temperatures  at  the  average  value  (subscript  m).  Te2  is  given  by, 

Te2  = Tei+ATe 

Ta2  is  calculated  from  the  heat  oalance, 

ce 

Tam  ~ ^em  "*■ 

^a2  = ^al  + 2 (^am'^al ) 

The  calculated  values  of  T^  and  Te2  should  agree  vithin  3°R  of  the 
assumed  values,  otherwise  the  calculated  values  should  be  used  as  the 
assumed  values  for  the  repeated  trial.  When  agreement  is  within  3°R>the 
calculated  values  are  very  accurate,  and  can  be  used  as  values  of  Tep 
and  Tg^  for  the  next  interval  calculation. 

The  time  interval  used  for  any  interval  should  be  restricted  to  a 
value  which  corresponds  to  a rise  in  entrance  temperature  of  the  fuel 
(Tfe2~Tfel)  of  20°R. 

EFFECTS  OF  COMPARTMENT  AND  EQUIPMENT  CHARACTERISTICS  ON  THE  TEMPERATURE 
RISE  OF  EQUIPMENT  IN  A FUEL  JACKETED  COMPARTMENT 

The  calculation  procedure  of  the  Appendix  to  this  Section  has  been 
used  to  evaluate  the  temperature  rise  of  equipment  in  a fuel- jacketed 
compartment  for  a number  of  conditions.  The  results  of  these  evaluations 
are  given  here,  together  with  a discussion  of  the  significant  variables 
and  salient  conclusions. 


where 

and 


1.  General  Temperature  Performance 

An  indication  of  the  temperature  rise  characteristics  of  equip- 
ment in  a fuel- jacketed  compartment  is  given  in  Figure  VI-2.  The  equip- 
ment in  a jacketed  compartment  is  compared  with  the  same  equipment  in  a 
compartment  without  a fuel  jacket  but  the  same  insulating  effect,  and 
with  the  same  equipment  in  a compartment  having  perfect  insulation.  The 
compartment  and  equipment  characteristics  are  indicated  In  Figure  VI-2. 
The  characteristic  length  used  in  evaluating  the  laminar  flow  heat 
transfer  coefficient  in  the  fuel  duct  is  one  foot. 

This  could  be  interpreted  to  represent  a cylindrical  compartment 
one  foot  in  axial  length’,  with  the  peripheral  fuel  jacket  made  up  of 
flat  ducts  one  foot  in  length  and  running  parallel  to  the  axis 
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of  the  compartment,  with  the  duct  thickness  and  fuel  flow  rates  so  pro- 
portioned that  V-f  = 1000  ft/hr  and  Wf  = 1000  lb/hr-ft2. 

From  Figure  VI-2  it  is  seen  that  the  equipment  in  the  fuel- jacketed 
compartment  has  the  lowest  temperature  rise  of  the  three  cases  considered. 

It  is  interesting  to  compare  the  performance  with  that  of  the  perfectly 
insulated  compartment.  In  a perfectly  insulated  compartment,  the  equip- 
ment is  protected  completely  from  external  heat  load,  and  the  equipment 
temperature  rise  is  linear  with  time  due  to  the  1 constant  heat  generation 
rate,  as  shown.  This  would  be  the  performance  of  a fuel- jacketed  compart- 
ment if  there  were  no  heat  exchange  between  the  equipment  and  the  fuel 
jacket.  In  the  case  shown,  however,  the  fuel  temperature  (taken  from 
Figure  AIII-9)  is  always  below  the  temperature  which  the  equipment  would 
assume  without  heat  exchange . Therefore  heat  is  transferred  from  the 
equipment  to  the  fuel  jacket  by  free  convection  and  radiation,  giving 
some  cooling  effect  to  the  equipment.  It  is  thus  apparent  that  for  the 
condition  of  fuel  temperature  lower  than  equipment  temperature,  the  fuel 
jacket  not  only  performs  the  function  of  a perfect  insulator,  but  gives 
a slight  cooling  effect  as  well.  Strictly  speaking,  the  equipment  is 
exposed  to  fuel  jacket  temperatures  slightly  higher  than  those  shown, 
since  the  temperatures  plotted  in  Figure  VI-2  are  entrance  temperatures 
of  the  fuel.  The  fuel  will  be  a few  degrees  hotter  because  of  heat 
received  through  the  skin  insulation,  and  heat  received  from  the  equip- 
ment. If  the  fuel  in  the  jacket  were  at  all  times  at  a temperature  equal 
to  the  equipment  temperature,  the  jacket  would  function  only  as  a perfect 
insulator . 

Hie  plot  for  equipment  temperature  in  a compartment  having 
~ 2.0  Btu/hr-ft2-°R  and  no  fuel  jacket  is  taken  from  a calculation 
using  the  analytical. methods  of  Section  V for  equipment  in  an  uncooled 
compartment.  In  this  case  the  equipment  is  exposed  to  some  external 
heat  load  as  well  as  the  generated  heat  load,  so  that  its  rate  of  tem- 
perature rise  exceeds  that  for  the  perfectly  insulated  compartment. 

Figure  VI-3  compares  equipment  temperature  rise  of  two  cases  having 
different  fuel  temperature  characteristics . These  fuel  temperature  plots 
are  taken  from  Figure  A-III-9.  The  case  of  perfect  insulation,  as  before, 
represents  equipment  temperatures  that  would  prevail  if  only  the  generated 
heat  were  absorbed  by  the  equipment,  and  if  there  were  no  external  heat 
transfer  to  or  from  the  equipment.  For  an  insulating  effect  on  the  fuel 
tank  of  = 5«0  Btu/hr-ft2-°R  the  fuel  temperature  as  received  from  the 
storage  tank  is  about  equal  to  or  higher  than  the  temperature  of  perfectly 
Insulated  equipment.  For  the  other  case,  where  U.^  3 Btu/hr-f t2- °R 

the  fuel  temperature  at  entrance  to  the  ducts  is  less  than  the  temperature 
of  perfectly  insulated  equipment.  As  found  before  in  Figure  VI-2,  the 
equipment  is  not  only  protected  from  external  heat,  but  is  cooled  some- 
what by  fuel  temperatures  below  what  might  be  called  the  "adiabatic" 
equipment  temperature.  The  other  case,  for  Up-t  = 5*0  shows  that  the 
equipment  is  heated  somewhat  by  the  fuel  jacket  when  the  fuel  temperatures 
nan  above  the  adiabatic  equipment  temperature . As  explained  earlier, 
the  true  fuel  temperatures  are  a little  above  the  entrance  fuel  temperatures 
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shown  because  of  beat  gain  to  the  fuel,  hence  there  is  some  equipment 
heating  even  where  the  entrance  fuel  temperature  is  about  equal  to 
adiabatic  equipment  temperature. 

An  important  conclusion  can  be  drawn  from  the  plots  of  Figures  VI-2 
and.  VI-3  for  aiding  the  prediction  of  temperature  rise  performance  of 
equipment  in  a fuel  jacketed  compartment.  It  is  apparent  from  the 
results  shown  and  from  analytical  considerations  that  the  equipment  tem- 
perature must  always  be  between  the  adiabatic  equipment  temperature  and 
the  entrance  fuel  temperature.  Since  the  entrance  fuel  temperature  plot 
can  be  determined,  and  the  adiabatic  equipment  temperature  line  is 
defined  by 

2k.  = 

mece 

definite  limits  are  easily  placed  on  the  equipment  temperature.  The 
designer  can  therefore  use  these  limits  to  predict  the  range  of  possible 
equipment  temperatures  for  a fuel- jacketed  compartment. 


2.  Heat  Generation 


The  effects  of  heat  generation  by  equipment  on  the  temperature 
rise  of  equipment  in  a fuel-jacketed  compartment  are  shown  in  Figure 
VI-4.  The  compartment  and  equipment  characteristics  are  indicated  in 
the  figure.  A characteristic  length  of  one  foot  is  used  in  evaluating 
the  fuel  heat  transfer  coefficients.  The  dashed  line  tangent  to  each 
temperature  curve  at  460°R  indicates  adiabatic  equipment  temperature. 

The  line  representing  adiabatic  equipment  temperature  is  not  shown  for 
the  case  q-  = 50  Watts/ft2,  since  it  nearly  coincides  with  the  Te  plot. 

The  fuel  temperature  plot  shown  is  for  =»  5.0,  and  is  taken  from 
Figure  A-III-9. 

The  case  of  qg  =*  50  Watts/ft^  in  Figure  VI-4  is  one  in  which  the 
fuel  temperature  is  very  close  to  the  adiabatic  equipment  temperature. 
Therefore,  there  is  very  little  heat  exchange  between  the  fuel  jacket 
and  the  equipment,  so  that  the  equipment  temperature  is  close  to  the 
temperature  for  a perfectly  insulated  equipment.  In  the  cases  with 
higher  heat  generation,  the  temperature  lines  for  perfectly  insulated 
equipment  lie  considerably  above  the  fuel  temperature  plot.  Therefore, 
for  all  of  cases  with  q > 50  Watts/ft2  some  cooling  takes  place  and  the 
Te-plots  lie  between  the  Tf-plot  and  the  adiabatic  line  for  the  par- 
ticular case. 

Since  the  rate  of  heat  transfer  increases  with  increased  temperature 
potential,  the  cases  of  Figure  VI-4  having  greater  temperature  potentials 
(Te-Tj>)  discharge  more  heat  to  the  cooling  jacket.  This  is  clearly  shown 
in  Figure  VI-5  where  the'  heat  transferred  to  the  cooling  jacket  is  plotted 
against  time  for  each  of  the  cases  of  Figure  VI-4.  Although  the  cases 
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Heat  Transfer  Between  Equipment  and.  Fuel  Jacket 
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with  greater  heat  generation  have  a more  rapid  rise  of  temperature  and 
a greater  overall  temperature  rise,  they  are  somewhat  compensated  in 
that  they  are  cooled  more  by  the  fuel  jacket.  It  is  noted,  however, that 
the  greatest  heat  exchange  rate  of  Figure  VI-5  is  only  328  Btu/hr-ft  , 
or  48  percent  of  the  corresponding  heat  generation  rate  of  200  Watts/ft^. 
The  deliberate  use  of  surfaces  with  higher  emissivity  to  improve  radia- 
tion heat  transfer,  and  higher  compartment  air  pressures  to  improve  free 
convection  heat  transfer,  would  augment  this  cooling  action  somewhat. 

For  cases  such  as  that  with  qg  = 50  watts/ft^  it  is  desirable  to  use  low 
emissivity  surfaces  and  low  compartment  pressures,  since  the  jacket  heats 
the  equipment  somewhat,  as  indicated  by  Figure  VI-5. 

Since  forced  convection  is  a more  efficient  heat  transfer  process 
then  free  convection,  the  cooling  effects  of  a low  temperature  jacket 
could  be  greatly  improved  by.  using  a blower  or  fan  to  circulate  air  over 
the  equipment  and  along  the  wall  of  the  fuel  duct.  This  would  introduce 
some  additional  heat  generation  in  the  compartment  due  to  the  blower  motor. 
Such  a system  actually  is  a forced  air  heat  exchanger  system,  where  the 
heat  exchanger  surface  is  the  duct  wall,  and  where  the  secondary  coolant, 
or  transfer  fluid,  is  the  circulated  air.  This  is  not  a very  efficient 
heat  exchanger  system,  however,  since  the  heat  transfer  coefficients  in 
forced  convection  over  flat  surfaces  are  not  very  large  for  a given 
volume  rate  of  air  circulation.  Further,  if  a forced  air  circulation 
system  is  desired,  it  is  usually  preferred  to  use  a compact  exchanger 
located  within  the  compartment.  Such  an  exchanger  eliminates  the  struc- 
tural difficulties  and  compartment  accessibility  drawbacks  of  a peripheral 
fuel  jacket.  The  subject  of  cooling  with  compact  central  heat  exchangers 
is  covered  in  Section  VII.- 

The  initial  slopes  (ATs/At)  of  Figure  VI-4  are  all  approximately  equal 
to  the  slopes  of  the  corresponding  lines  for  adiabatic  equipment  tempera- 
ture rise.  This  condition  exists  only  when  the  initial  equipment  tempera- 
ture equals  the  initial  fuel  temperature. 


3.  Fuel  Flow  Rates 


The  temperature  rise  plots  of  equipment  in  a fuel  jacketed  com- 
partment for  two  fuel  flow  rates  are  shown  in  Figure  VI-6.  Compartment 
and  equipment  characteristics  are  given  in  the  figure. 

It  is  apparent  that  the  temperature  rise  of  equipment  is  not  greatly 
affected  bv  the  fuel  flow  rate  in  the  range  of  flow  rates  from  500  to 
1000  lb/ft  -hr.  The®  are  two  reasons  for  this.  First,  both  flow  rates 
are  sufficient  that  the  temperature  rise  of  the  fuel  due  to  the  heat  it 
receives  is  small,  having  little  effect  on  the  temperature  of  the  fuel 
duct  exposed  to  the  equipment.  Second,  the  fuel  heat  transfer  coefficient 
inside  of  the  duct  is  quite  large  compared  to  the  radiation  and  free 
convection  coefficients  inside  the  compartment.  The  temperature  potential 
across  the  fuel  film  is  therefore  very  small,  and  its  variation  over  the 
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range  of  flov  rates  considered  has  a negligible  effect  on  the  duct  tem- 
perature exposed  to  the  equipment.  The  fuel  flow  rate  would  be  of  more 
importance  in  determining  equipment  temperature  performance  at  very  low 
flow  rates,  since  the  temperature  rise  of  the  fuel  would  be  large  and  the 
fuel  film  coefficient  would  be  small. 


if.  Ratio  of  Free  Convection  to  Radiation  Heat  Transfer  Surface 

Area 

The  effect  of  the  ratio  of  free  convection  to  radiation  heat 
transfer  surface  on  the  temperature  rise  of  equipment  is  shown  in  Figure 
VI-7.  Compartment  and  equipment  characteristics  are  given  in  the  figure. 

It  is  apparent  that  the  area  ratio  has  little  effect  on  the  tem- 
perature rise  performance  of  the  equipment.  This  area  ratio  is  signi- 
ficant only  to  the  free  convection  heat  transfer  process.  The  higher 
values  of  R signify  greater  heat  transfer  by  free  convection,  and  result 
in  greater  reductions  of  equipment  temperature  below  the  adiabatic  tem- 
perature. However,  the  equipment  temperature  is  influenced  so  heavily 
by  other  variables  such  as  generated  heat  and  thermal  capacity  that 
changes  in  free  convection  due  to  rearrangement  of  equipment  surfaces 
have  little  effect.  It  is  therefore  concluded  that  changes  of  heat 
transfer  rates  and  temperature  rise  rates  in  a jacketed  compartment 
should  be  effected  by  manipulation  of  the  more  dominant  variables,  such 
as  air  pressure,  surface  emissivities,  and  equipment  thermal  capacity. 


5*  Temperature  Rise  of  the  Fuel 

The  insulation  between  the  skin  and  the  fuel  duct  as  shown  in 
Figure  VI-1  serves  two  purposes . Its  first  purpose  is  to  prevent  contact 
between  the  fuel  and  the  high  temperature  skin,  since  the  skin  tempera- 
tures of  interest  in  supersonic  flight  may  be  far  above  the  maximum 
allowable  fuel  temperature.  Its  second  purpose  is  to  reduce  the  overall 
heat  transfer  coefficient  between  the  skin  and  the  fuel.  This  reduces 
the  amount  of  heat  from  the  skin  which  is  absorbed  by  the  fuel,  and  con- 
sequently reduces  the  temperature  rise  of  the  fuel.  For  the  calculation 
cases  considered  earlier,  the  value  of  hj.^  is  about  20  Btu/hr-ft2-°R  for 
the  cases  with  V-p  = 1000  ft/hr  and  is  about  15  Btu /hr-ft2-°R  for  the  case 
with  Vf  = 500  ft/hr.  If  no  skin  insulation  were  provided, . this  would 
be  the  overall  heat  transfer  coefficient  between  the  skin  and  the  fuel 
(in  the  actual  case,  hifm  would  be  a little  greater  because  of  the  tem- 
perature effect  on  the  value  of  b,  as  indicated  by  Figure  VI-9).  From 
inspection  of  equations  (VI-12)  and  (VI-13)  it  is  seen  that  this 
condition  would  give  excessive  temperature  rise  of  the  fuel.  For  ex- 
ample, for  Tv  = 1355°R,  Tf  = 600°R,  Wf  = 500  lb/hr -ft2  and  hifm  = 

15  Btu/hr-ft2-.°R,  the  fuel  temperature  rise  would  be  42.8°F  due  to  heat 
received  from  the  skin.  For  the  same  conditions,  but  using  an  insulat- 
ing effect  of  Ui  = 2.0  Btu/hr-ft2-°R  between  the  duct  and  the  skin,  the 
temperature  rise  is  only  For  all  of  the  cases  shown  in  the 
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Surface  Area  on  Equipment  Temperature  Rise 


preceding  plots,  the  fuel  temperature  rise  is  less  than  8®F,  and  for 
nearly  all  cases  less  than  4°F.  Since  an  insulating  effect  of  = 2 
does  not  represent  much  by  vay  of  insulation  thickness,  it  is  apparent 
that  the  fuel  temperature  rise  due  to  "heat  from  the  skin  can  easily  be 
restricted  to  small  values. 

The  actual  temperature  rise  of  the  fuel  is  not  so  important  as  the 
maximum  temperature  it  achieves.  This  highest  temperature  occurs  at 
the  fuel  film  which  touches  the  insulation  side  of  the  fuel  duct.  The 
temperature  at  this  point  must  be  held  below  values  at  which  fuel  de- 
terioration due  to  overheating  occurs.  A design  example  is  given 
later,  showing  the  method  of  selecting  a proper  skin  insulating  effect 
to  limit  the  greatest  fuel  temperature  to  any  desired  value. 


DESIGN  PROCEDURE  FOR  A FUEL- JACKETED  COMPARTMENT 

Procedures  are  given  here  for  the  evaluation  of  temperature  rise 
performance  and  the  design  of  insulation  and  fuel  ducts  for  a fuel 
jacketed  compartment.  The  question  of  whether  or  not  to  use  a fuel 
jacketed  compartment  to  achieve  a desired  performance  depends  on  many 
factors,  and  can  be  answered  only  by  comparison  of  the  fuel  jacketed 
compartment  with  other  compartment  types  capable  of  producing  the  same 
temperature  rise  performance.  A method  of  dealing  with  the  general 
question  is  described  in  Section  XI. 


1.  Preliminary  Performance  Evaluation 

The  first  problem  in  determining  the  suitability  of  a fuel  jacketed 
compartment  is  to  determine  whether  it  is  capable  of  providing  the  proper 
variation  of  equipment  temperature  with  time . It  is  assumed  that  the 
temperature -time  plot  for  the  fuel  is  already  known  or  is  calculated  by 
the  methods  of  Appendix  III.  The  next  step  is  to  construct  the  adiabatic 
equipment  temperature  line,  which  describes  the  equipment  temperature  as 
a function  of  time , assuming  that  the  equipment  is  heated  by  generated 
heat,  but  does  not  exchange  heat  with  any  other  body.  The  slope  of  this 
line  is  given  by. 


AT £ . = 
At 


meGe 


A line  having  this  slope,  and  beginning  at  the  known  initial  equipment 
temperature  is  constructed  on  the  same  grid  with  the  fuel  temperature 
plot.  All  of  the  possible  plots  of  equipment  temperature  versus  time 
must  lie  between  the  fuel  temperature  plot  and  the  adiabatic  equipment 
temperature  line  as  found  in  Figures  VI-2, -3,  and  -4.  An  example  of  a 
preliminary  performance  evaluation  plot  is  given  in  Figure  VI -8.  All 
of  the  possible  temperature -time  curves  for  the  equipment  lie  within 
the  shaded  region.  It  is  impossible  to  produce  an  equipment  temperature 
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Figure  VI -8 

Schematic  of  Performance  Evaluation  Plot 


outside  of  this  region,  using  a fuel  jacketed  compartment.  Of  course, 
if  the  allowable  equipment  temperatures  lie  above  the  shaded  region 
and  lower  temperatures  are  not  detrimental  to  operation,  the  fuel- 
jacketed  compartment  may  be  used.  Where  thi*  is  the  case,  the  design- 
er's work  is  finished  after  using  the  design  procedures  for  determining 
fuel  duct  dimensions  and  required  insulation  thickness.  If  the  allow- 
able maximum  equipment  temperatures  lie  in  the  shaded  region,  a more 
detailed  performance  evaluation  must  be  made.  In  order  to  do  this,  the 
insulation  and  duct  system  must  be  designed  first. 


2.  Design  of  Insulation  and  Fuel  Ducts 
a.  Dimensions  of  Fuel  Duct 

The  spacing  between  the  fuel  duct  walls  should  be  made  as  small  as 
possible  in  the  interest  of  conserving  space  occupied  by  both  the  fuel 
duct  and  the  skin  insulation.  From  equation  (VI-2) 

a (T^5  - (^f5  ° (if5 
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Therefore,  the  film  heat  transfer  coefficient  increases  with  reduced 
wall  spacing  in  the  duct  for  a given  fuel  flow  rate.  For  given  tempera- 
ture conditions,  this  gives  increased  heat  flow  to  the  fuel  q-y*.  There- 
fore from  the  heat  flow  equation 

I;  (VTi> 

it  is  apparent  that  the  insulation  thickness  required  is  reduced.  This 
qualitative  analysis  is  based  on  assumed  given  temperature  conditions, 
where  the  skin  temperature  is  known  and  the  maximum  allowable  fuel 
temperature  is  known.  Since  one  wall  of  the  fuel  duct  contacts  the 
insulation  face,  T^  must  be  limited  to  the  maximum  allowable  fuel  tem- 
perature . 


b.  Thickness  of  Insulation 


As  pointed  out  in  the  preceding  paragraph,  the  insulation 
thickness  required  is  dependent  on  the  particular  temperature  conditions 
and  on  the  flow  velocity  in  the  fuel  ducts.  The  procedure  for  selecting 
the  skin  insulation  to  meet  given  design  conditions  is  given  here, 
together  with  an  example  design  problem. 

Given  data: 

(1)  Compartment  is  cylindrical  2 ft  diameter 
and  2 ft  long.  Ducts  run  entire  length. 

Skin  surrounds  the  cylindrical  surface  only. 

(2)  A total  fuel  flow  rate  of  10,000  lb/hr  is 
available  to  the  jacket  ducts. 

(3)  Maximum  allowable  fuel  temperature  is 
640°R  (therefore  design  T^  = 640°R). 

(4)  Insulation  having  the  physical  properties 
of  rock  wool  is  used. 

(5)  Spacing  between  the  duct  faces  is  l/k 
inch  or  0.0208  ft. 


I*  = 1355°R 

q = 150  watts/ft2  - 511  Btu/hr-ft2 

o 

a^ce  - 2 Btu/°R-ft2 
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R = 4 
£ = 2.5 

Fuel  temperatures  on  entrance  to  the 
duct  are  taken  from  Figure  A-III-9, 
for  Uit  =5-0  Btu/hr-ft2-°R 

The  flight  time  is  ~tr  = 80  min. 

Calculation: 

1.  Calculate  the  total  area  of  skin  for  the 
compartment 

Ay  = nx2x2  = 12.6  ft2 

2.  Calculate  the  fuel  flow  rate  per  square 
foot  of  skin 


W* 


10,000 

12 


^ = 794  lb/hr-ft‘ 


3.  Get  T^g  at  terminal  flight  time  from 
Figure  A-III-9 

Tfe  = 588°R 

4.  Calculate  Vf  = 

duct  length  L = 2 ft 

for  fuel  at  588°R>  Figure  AI-2, 

If  = 47.1  lb /ft* 


Vf  " 473  0.0208  = 1620  ftAr 


5 .  Calculate  R 


s ',Vfx 


p from  Figure  AI-2 

for  Tf  = 588°R,  p = 1.18  lb/ft-hr 

He  = = 129>000 
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(Reference  VI-1  gives  Rg  = 300,000  as  the  value  for  change  from  laminar 
to  turbulent  flow.  The  figure  above  therefore  represents  laminar  flow, 
indicating  the  validity  of  this  procedure  for  this  case.) 

6.  Calculate  h^  = 0.66  b (V^)^*^ 
evaluating  b with  Figure  VI-9  i*1 
the  appendix  to  this  Section. 

b (for  Tf  - 588°R)=  - 0.739 

(using  the  duct  length,  L = 2 ft  for  x) 
hif  * 0.66x0. 739x(l620)°*5  = 

19.6  Btu/hr-ft2-°R 

7.  Write  the  equation  qj_f  = hjf fTj-^fe^fL") 

where  T^  is  equal  to  the  maximum  allow- 
able fuel  temperature 

4lf  = 19.6  (346-  2&) 

8.  Write  the  equation  qif  “ ^fcf(TfL“  Tfe> 
for  Cf.  from  Figure  AI-2 

cf  at  588°R  « 0.524  Btu/lb-°R 
qif  » 417  (TfL-588) 


9.  Solve  equations  from  7 and  8 for  T^ 

IfL  3 5ol*R 

10.  Calculate  qif  » hif  (Tj.  - 

Tfe+TfL  a 583+591  m t58q.'5°R 
2 2 

qlf  = 19.6  (640-589.5)  » 1010  Btu/hr-ft2 
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11.  Get  k^  for  insulation  at 


V*i 

2 

k*  - 0.0502  Btu/hr-ft-°R 

12.  Calculate  « ^i  (Tw-T^) 

9if 

*i  - (1355-640)  - 0.0355  ft. 

or^a  0.0355x12  - 0.427  in 

which,  to  be  conservative,  should  be  increased 
to  l/2  inch. 


It  should  be  noted  that  this  design  calculation  neglects  heat  re- 
ceived by  the  fuel  from  the  equipment.  This  assumes  that  the  heat  flow 
rate  from  the  equipment  is  not  great  enough  to  affect  the  fuel  tempera- 
ture appreciably. 


3.  Detailed  Performance  Evaluation 


After  designing  the  fuel  ducts  and  insulation,  a more  detailed 
performance  evaluation  is  made.  This  can  be  done  quite  accurately  by  a 
simplified  procedure  based  on  the  following  assumptions : 

a.  The  fuel  temperature  is  determined  principally  by  the 
entrance  fuel  temperature  and  the  heat  received  through 
the  skin  insulation.  Heat  received  from  the  equipment 
is  neglected. 

b.  The  fuel  film  coefficients  are  so  large  compared  to  free 
convection  and  radiation  coefficients  that  the  fuel  jacket 
surface  facing  the  equipment  can  be  considered  .to  be  at 
fuel  temperature. 

c.  The  compartment  air  temperature  can  be  approximated  by  the 
arithmetic  mean  of  fuel  jacket  temperature  and  equipment 
temperature  at  any  time. 

Using  the  first  of  these  assumptions,  a plot  of  fuel  temperature 
versus  time  is  constructed  by  the  following  procedure. 
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Procedure  A:  Calculation  for  Fuel  Temperature  Plot 

Given  Data: 

insulation  material , = ft 

length  of  fuel  ducts  x = ft 

fuel  flow  rate  Wf  = _ lb /ft2 -hr 

6kin  temperature  T*  = .#R 

spacing  between  duct  walls  = ft. 

plot  of  entrance  fuel  temperature  versus  time 


Calculation: 

This  calculation  should  t>e  made  for  several  instants  of  time  t 
one  at  the  beginning  of  the  design  flight  time,  one  at  the  end,  and 
sufficient  intermediate  points  to  establish  the  shape  of  the  fuel  tem- 
perature plot. 

1.  Select  r and  assume  T± 

T±  = 

2.  Get  ^ at 


ki  = 


Btu/br-ft-'R 


3 . Calculate 


^ <V*i) 


q^f  = Btu/hr-ft2 


4.  Get  Tfe  at  Tr  and  cf  at  T^g 

Tfe  = °R 

Btu/lb-°R 


Cf 


5.  Calculate  AT-  = ^if 

wfcf 


ATf  = 


°R 
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Calculate  Tfm  = Tfe  + 


ATf 

2 


$ 


Tfm  = SR 


7«  "Y  / ®f>  Pj  -^fm 


1 = 

lb/ft3 

c-p  - 

Btu/lb-*R 

K = 

lb/ft-hr 

Pr  = 

» Btu/hr-ft2-°R 


10.  Calculate  Tj_  = ^Lf  + = °R 

hif 

Repeat  procedure  for  agreement  between  assumed  and  calcu- 
lated result. 

In  using  a procedure  such  as  this,  agreement  of  assumed  and  calcula- 
ted values  of  2 or  3°R  is  entirely  sufficient,  since  slide  rule  calculation 
and  chart  reading  introduces  at  least  this  much  error. 

After  determining  the  plot  of  versus  t , the  last  two  assumptions 
are  used  in  a procedure  to  determine  equipment  temperature  rise  with  time 
as  given  below. 

Procedure  B : Calculation  of  Equipment  Temperature  Rise 

Given  Data: 

fuel  temperature  plot  from  Procedure  A 
R a 
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Btu/hr-ft^ 


> 


°R 


Calculation: 

1.  Select  AT  , assume 

AT- hr 

Te2  » °R 

2.  Calculate  0^m  - Tel+T*9 

2 


% 


em 


°R 


3.  Get  at  middle  of  AT 

Tfjn  - °R 

4.  Calculate  hj.  - 17.4  x KT1* 


from  Figure  AIV-1 

h,.  - 


5*  Calculate  Tani 

2 


Tam= 


Btu/hr-ft2-°R 
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6.  Get  ( a \ at  T$un+Tnin 

n^Js  — — 

Pisure  AIV-2  I s'  . \ • 

CT^Js  

7.  Get  / a/  \ at  Tam+Tem 

( <f  2/3)e‘  

8.  Calculate  hcs  “ (7^3)  U^3  ) (Taja“Tsm)l/3 

hcs  = Btu/hr-ft2-°R 

9«  Calculate  hce  = ^ ^2/3^  ( J ^ ) (^em^am)  ^ 

hce  33  Btu/hr-ft2 


10.  Calculate 


hc  = Btu/hr-ft2- °R 

11.  Calculate 

AT  = (hg+h-i. )(!Eem-Tsm)  AT 
6 ^e 

ATe  = °R 

12.  Calculate  Te2  = T^x  + ATe 

Te2  = °R 

Repeat  procedure  for  each  time  interval  until  assumed 
and  calculated  values  of  Te2  agree  within  about  6°R, 
then  calculated  result  is  correct. 
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The  procedure  is  continued  for  successive  time  intervals  until  the 
flight  duration  of  the  design  is  covered.  When  the  calculation  is  com- 
pleted the  designer  will  have  an  accurate  indication  of  the  temperature 
rise  performance  of  equipment  in  a fuel- jacketed  compartment  of  the  pro- 
posed design. 

In  designing  a compartment  for  performance  within  the  shaded  region 
of  Figure  VI-8,  the  effects  of  surface  emissivities  and  compartment  air 
pressures  should  be  kept  in  mind.  If  the  upper  boundary  of  the  shaded 
region  is  the  fuel  temperature  curve,  the  emissivities  and  pressure  should 
be  low.  If  the  upper  boundary  of  the  shaded  region  is  the  adiabatic  tem- 
perature, the  reverse  is  true. 


APPENDIX  TO  SECTION  VI 

1.  Calculation  Procedure  for  Temperature  Rise  of  Equipment  in  a 
Fuel-Jacketed  Compartment 

The  calculation  procedure  given  below  is  for  the  stepwise  calcula- 
tion of  equipment  temperature  rise  with  time  in  a fuel- jacketed  compartment. 
An  example  interval  calculation  is  carried  along  with  the  procedure. 

Given  Data: 

T*  = 1355°R 

i = 2.5  atmospheres 

UjL  * 2.0  Btu/hr-ft2-°R  (rock  wool) 

mece  =2.0  Btu/ft2-°R 

R = 4 

es  - 0.1,  €e  = 0.2 

Tel  = 820. 1°R 
Tal  3 775. 3 °R 
Ti!  =758.3 

qg  = 150  watts/ft2  = 511  Btu/hr-ft2 
Vf  = 1000  ft/hr 
Wf  = 1000  lb /hr -ft2 

Fuel  temperature  from  Figure  AIII-9  with  Uit  = 5 Btu/hr-ft2-°R 
x = 1 ft 
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1.  Select  it  and  get  Tfem  at  middle  of  AT  from  Figure  AIII  =»  9 

At  = 0.1168  hr 

Tfem  = 686. 6 °R 

2.  Calculate  h = 0.66  b(¥f)0*5 

where  b(x)^*5  fs  from  Figure  VI-9  1 
at  Tfgm,  and  b = b(x)°*5/(x)0s5 
b a 1.11 

hf  = 0.66x1.11x31.62  a 23.18  Btu/hr-ft2-°R 

3.  Calculate  q-jf  a ( _ — i — _\  /mm  \ 

( L.  + i_  ) ^ fem) 
h*' 

using  Uj_  from  previous  interval,  step  11 

(1355  - 686.6) 

3 ^ = 138l  Btu/hr-ft2 
2.276  23.18 

4.  Get  cf  at  Tfem  from  Figure  AI-2 

cf  a O.5886  Btu/lb-°R 


5.  Calcu1  ,te  ATf  = ^if  + ^sfm 

WfCf 

using  from  previous  interval 

AT  = Mi-t.jJ.?. a 2.64  °R 

r 1000x0. 5886 

6.  Calculate  ^ » Tfem  + 

Tfja  * 686.6  + 1.32  = 687.9  °R 

7.  Get  (Tfe2-Tfel)  from  Figure  AIII-9 
Calculate  T±2  ^T1±  + (Tfe2-Tfel) 

Ti2  » 758.3  + 33.6  » 791. 9°R 

8.  Calculate  =(Tfi  + Ti2) 

2 

Tim  - 775. 1°R 
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9.  Calculate  film  temperature 
g— T£m)  ■ 731. 5°R 

10.  Calculate  hifa  = 0.66  b(Vc)°*5 

using  Figure  VI-9  and.  film  temperature  of  step  9 

b * 1.133 

hiftn  » 0.66  x I.133  x31.62  » 23.7  Btu/hr-ft2- 


11.  Get  Uj.  at  Tja  from  Figure  AIV-4 

U±  = 2.308  Btu/hr-ft2-°R 

12.  Calculate 


<lifm  - ~ 687.9)  , 1^00  Btu/hr-ft2-°R 

27305  * 23.7 

Recalculate  ATj.  in  step  5 using  this  result.  If  result  agrees 
with  original  within  2°R,  continue  to  step  13,  otherwise  re- 
calculate from  5 on. 

13 .  Calculate  T„m  Tfm  + ( SL§£S  \ 

Vhsfta  )p 


where  subscript  p refers  to  previous  interval. 

Tsm  - 687.9 


14.  Assume  Te2  and  T&2 

Calculate  Tem  and  T37n 

if  Te  ~ Tf , 

Te2~Tel  + %ce 


+ 7*5  =*  695. 4°R 

Te2  - 839. 2°R 
Tq2  =>  811. 5°R 
Tem  - 829. 6 °R 
^ 3 793. 4°R 
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15.  Calculate  = 17.4  x 10 


-V i 

\ c c 


B 


€s  €e 

taking  B from  Figure  AIV-1  for  Tsm  and  Tem 

4 , m \ 4 


where  B 


( ’hm)  Jl sm\ 

\100J  \100 ) 

T T 

em  - J-sm 

100  100 

B » 1780 

hj.  a 1.24  X 1780  X 10_lf  a 


16.  Calculate  Tgm  + lam  and  get 

2 


("7% 


from  Figure  AIV-2 


at  this  temperature  ^ = 0»l68l 

17 « Calculate  lam.  + Ism  ami  get 

2 


tjm) 


from  Figure  AIV-2 


at  this  temperature  (-^273)  e . 0,1591 
18.  Calculate  h..  . (-^)  (^/3)  - Tm)l/3 


cs 


h =0.l68l  x 1.841  x (793.4  - 695.4) 


1/3 


19.  Calculate  h. 


ce 


,2/3 


(-^3)  ( l ' ) (lem  - W 


1/3 


hce  = O.1591  x 1.841(829.6  - 793.4)1/3 


20.  Calculate  h a 
c 


XT 

1 

4Cs 

hceR 

1 

1 + 

1 

= 1.046  Btu.hr-ft2- 


1.43  4x0.971 


0.221  Btu/hr-ft2-°R 


= 1.43  Btu/hr-ft2-°R 


0.971  Btu/hr-ft2-eR 


°R 
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21 . Calculate 


T„  + 
sm  im 


and.  hgfm  = 0.66  b(Vf  )°*5 

using  Figure  VI-9  at  this  average  film  temperature 

b = 1.113 


1sfm 


22 . Calculate  q.gfm 


0.66  x 1.113  x 31.62  = 23.22  Btu/hr-ft2-°R 

( 1 7 1 ) ^Tem " Tfm^ 

' h0<s_  h„+h  ' 


829.6  - 687.9  , o 

asfm=  — 7 1 - 170  Btu/hr-ft2 

23.22  1.0^6+0.221 


23. 


Calculate  Tsm  » 

° ^ hsfm 


Tsm  - 68T.9  + = 695.2"R 


Result  should  agree  within  1°R  of  step  13,  otherwise  repeat, 
using  result  of  23  as  Tsm,  from  step  13  onward. 


2k . Calculate 


iTe  - K 


(hc+hrHTem-Tsm) 


®ec 


AT 


^e  * (511  ~ x 13^.^-)  x 0.1168  = 19.9°R 

25.  Calculate  Teg  3 Tel+ATg 

1^2  3 820.1  + 19.9  = 81+0°R 

26.  Calculate 

(^emf^am)  a (Tem~Tgm) 

“ce1' 


(lem-Tam)  = oT^I^  (830-695.4)  = 36.2°R 
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27*  Calculate  Tarn  = Tgm  “ (^■em.-T'gm) 

T^  = 830  - 36.2  = 793. 8°R 

28.  Calculate  Tg2  — Ta-]_  + 2(  Tarn-Ta~|  ) 

Ta2  * 775.3  + 2xl8.5  = 812. 3°R 

The  calculated  results  of  steps  25  and  28  should  agree  within  3°R 
of  assumed  values  of  step  lk,  otherwise  recalculate  from  Ik  onward 
until  such  agreement  is  reached,  then  use  calculated  results  as 
values  of  Te]_  and  T^  of  the  next  interval. 

In  using  the  above  calculation  procedure,  proper  attention  must  be  paid 
to  the  signs  of  the  various  heat  rate  quantities  and  temperature  potentials. 
A negative  value  should  be  carried  with  its  negative  sign,  following  the 
rules  of  algebra.  Negative  signs  encountered  in  the  determination  of  a 
heat  transfer  coefficient  are  ignored,  however,  using  the  absolute  value 
of  the  quantity,  since  heat  transfer  coefficients  are  always  positive.  For 
example,  in  step  18  the  term  (TQm-Tsm)  may  be  negative,  but  its  absolute 
value  is  used  to  determine  the  value  of  hcg,  which  is  always  positive. 

If  calculation  for  a fuel-jacketed  compartment  is  just  beginning,  it 
is  necessary  to  determine  values  of  T^,  T_  , Tg,  and  Ta  corresponding  to 
the  initial  assigned  values  of  Tw,  Tfe>  ana  Te.  This  can  be  done  by  trial 
and  error  calculation,  using  this  same  procedure  for  At  » 0.  Special 
modifications  are  as  follows  for  the  same  step  numbers.  Steps  not  mentioned 
remain  essentially  unchanged. 

1.  AT  = 0 

2 . Evaluate  at  Tf  e for  0 

3.  Take  initial  assigned  value  of  Uj_ 

5.  Take  qsfm  = 0 as  first  try  (true  if  Te  =*  Tf,  then  Ta  = Te) 

7.  Calculate  T,-  = T„  - 

Ui 

8.  Omit 

9 . Calculate  ^i  + ^fm 

2 

11.  Omit,  used  assigned  value 
13.  Assume  Ts  = Tfm 

lk.  Work  with  Te  and  Ta,  omitting  time  subscripts  in  steps  lk  through 
23. 
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(note  that  has  already  been  determined,  and  that  its  subscript 
is  not  a time  subscript). 


2k. 

Omit. 

25* 

Omit. 

26. 

Use  Tj 

28. 

Omit. 

26.  Use  Ts,  Ta,  and  Te  as  assigned  or  assumed. 

Omit. 

Repeat  to  convergence  of  assumed  and  calculated  values. 
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SECTION  vn 


TEMPERATURE  RISE  OF  EQUIPMENT  IN  A COMPARTMENT 
COOLED  BT  AN  AIR-TO-LIQUIB  HEAT  EXCHANGER 


By  T.  C.  Taylor  and  I.  H.  Sun 


There  are  many  cases  in  which  the  combination  of  external  and  gen- 
erated heat  loads  is  so  severe  that  an  uncooled  or  fuel- jacketed  compart- 
ment is  unsatisfactory.  In  such  cases  an  effective  cooling  method  must  be 
employed  to  limit  the  equipment  temperature  rise.  One  method  would  employ 
a primary  cooling  fluid,  a heat  exchanger,  and  a secondary  coolant,  or 
transfer  fluid,  which  is  used  to  convey  heat  from  the  equipment  to  the 
heat  exchanger.  The  use  of  a system  of  this  type  has  the  outstanding  ad- 
vantage of  wide  freedom  in  the  choice  of  a primary  coolant,  since  only  the 
secondary  coolant  contacts  the  equipment. 

This  Section  is  concerned  with  the  characteristics  of  practical  sys- 
tems in  which  the  transfer  fluid  is  air,  the  compartment  atmosphere,  and 
the  primary  coolant  is  a liquid.  The  study  is  specifically  concerned  with 
the  use  of  fuel  as  the  primary  coolant,  although  the  methods  used  are  suf- 
ficiently general  to  be  applicable  to  other  fluids  as  well. 

Compartments  with  direct  cooling  systems  incorporating  an  air-to- 
liquid  heat  exchanger  are  physically  more  complex  than  uncooled  or  fuel- 
jacketed  compartments.  Space  and  weight  requirements  are  added  for  the 
heat  exchanger,  the  air  circulating  blower  and  motor,  and  the  duct  work. 
These  complications  are  justified  only  where  the  simpler  systems  discussed 
in  Sections  V and  VI  are  unsatisfactory.  Therefore,  the  cooling  system 
analyzed  in  this  Section  should  be  used  only  when  it  has  been  definitely 
established  that  the  simpler  systems  are  inadequate  for  the  limitation  of 
equipment  temperature  in  a particular  application. 

The  analysis  of  transient  thermal  performance  of  compartments  with 
direct  cooling  systems  is  complicated  by  the  evaluation  of  the  variable 
cooling  performance  resulting  from  the  variations  of  equipment  and  coolant 
temperatures  with  time.  However,  these  factors  and  thermal  storage  ca- 
pacity must  be  considered  for  the  purpose  of  designing  a heat  exchange  sys- 
tem of  minimum  size  for  a given  application  having  a specified  equipment 
temperature  limit. 


SUMMARY 

The  temperature  rise  of  equipment  in  a compartment  cooled  with  a heat 
exchanger  is  considered.  It  is  assumed  that  a heat  exchanger  using  a 
liquid  primary  coolant  is  located  in  the  compartment,  and  that  air  is 
forced  over  the  equipment  and  through  the  heat  exchanger  in  a closed  cir- 
cuit* 


Fuel  is  principally  considered  as  coolant.  The  location  of  the  heat 
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exchanger  is  assumed  to  be  central  and  near  the  fuel  line,  thus  not  im- 
peding the  accessibility  of  the  compartment.  However,  the  equipment  is 
directly  exposed  to  external  heat  loads  by  radiation  and  free  convection. 

In  addition  to  external  heat  gain  and  the  heat  generated  by  the  equip- 
ment itself,  the  power  requirements  of  the  circulating  blower  of  the  forced 
air  system  is  included  in  the  equipment  heat  balance.  The  entire  group  of 
equipment  bodies  is  considered  as  a heat  generating  heat  exchanger,  and  a 
constant  value  of  heat  exchange  effectiveness  is  assigned  to  the  group. 

Only  the  air  side  of  the  cooling  heat  exchanger  is  analyzed,  it  being  as- 
sumed that  the  primary  coolant  is  used  in  such  a way  as  to  give  a very  high 
heat  transfer  coefficiait  on  the  liquid  side,  and  negligible  temperature 
rise  of  the  primary  coolant.  A constant  compartment  air  pressure  is  as- 
sumed, and  the  thermal  capacities  of  the  air  and  the  skin  insulation  are 
neglected.  The  skin  temperature  is  assumed  constant,  as  justified  for  many 
cases  in  Section  17. 

Equations  are  developed  to  describe  the  external  heat  load  and  the 
heat  exchanger  cooling  action,  and  the  power  requirements  of  the  blower 
motor.  These  equations  are  combined  with  those  for  the  generated  heat  load 
and  the  effect  of  equipment  thermal  capacity  to  give  a complete  heat  balance 
for  the  system.  A general  calculation  procedure  based  on  these  equations 
is  developed,  and  is  used  to  evaluate  the  equipment  temperature  rise  in 
supersonic  flight.  The  beat  rates  and  characteristics  of  the  compartment, 
the  equipment,  and  the  cooling  apparatus  are  all  expressed  on  the  basis  of 
unit  skin  area.  This  penults  application  of  the  calculation  procedure  to 
compartments  of  any  shape. 

A simplified  analysis  is  given,  based  on  linear  relationship  between 
external  heat  load  and  equipment  temperature.  For  a linear  relationship 
between  the  primary  coolant  temperature  and  time,  this  analysis  results  in 
a differential  equation  involving  the  equipment  temperature  and  time  which 
is  formally  integrated.  The  solution  can  be  used  over  fairly  large  ranges 
of  equipment  temperature  to  obtain  a rapid,  approximate  evaluation  of  the 
equipment  temperature  rise. 

A procedure  and  example  are  given  to  show  the  method  of  determining 
the  design  conditions  for  the  heat  exchange  system  on  the  basis  of  tran- 
sient performance  and  of  designing  for  the  optimum  combination  of  a heat 
exchanger  and  skin  insulation.'  For  a given  desired  temperature  performance 
of  the  equipment,  the  design  can  be  either  far  minimum  space  requirements 
or  minimum  weight  requirements,  whichever  is  critical.  In  the  example 
given,  the  optimum  designs  for  these  two  criteria  are  substantially  the 
same. 


Equipment  temperature-rise  performance  is  calculated  for  a number  of 
compartment,  equipment,  and  cooling  apparatus  characteristics.  The  cases 
studied  are  confined  to  the  use  of  JP-3  fuel  as  a primary  coolant.  The 
salient  conclusions  based  on  the  results  of  these  calculations  are  as  fol- 
lows. 


1.  Following  an  initial  period  of  adjustment,  the  heat  exchanger  in 
a cooled  compartment  maintains  a nearly  constant  temperature  difference 
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between  the  equipment  and  the  primary  coolant  used.  The  equipment 
temperature  is  sufficiently  above  the  coolant  temperature  to  transfer 
all  heat  except  that  which  is  stored  in  the  equipment  itself.  The 
equipment  stores  heat  when  necessary  to  raise  the  equipment  tempera- 
ture in  keeping  pace  with  the  change  of  primary  coolant,  or  fuel  tem- 
perature. The  temperature  difference  required  to  maintain  the  parallel 
relationship  between  the  equipment  temperature  and  the  coolant  tempera- 
ture increases  with  increased  heat  loads  and  decreases  with  increased 
thermal  capacity  of  the  equipment. 

2.  The  heat  exchange  effectiveness  of  both  the  heat  exchanger  and  the 
equipment  are  important  factors  in  determining  how  closely  the  equip- 
ment temperature  may  be  made  to  approach  the  fuel  temperature.  An  in- 
crease of  either  of  these  effectiveness  values  decreases  the  tempera- 
ture difference  required  for  a given  heat  removal,  or  cooling  effect. 
The  temperature  difference  is  also  inversely  proportional  to  the  flow 
rate  of  the  air  used  as  a secondary  coolant.  If  increased  heat  ex- 
changer effectiveness  is  used  to  obtain  better  cooling  effects,  the 
heat  exchanger  size  and  weight  increase,  and  the  air  power  require- 
ments increase.  If  increased  air  flow  rate  is  used  to  improve  the 
cooling  effect,  the  result  is  at  least  partially  offset  by  increased 
air  power  requirements.  The  effect  can  be  quite  serious,  since  the 
power  requirements  are  proportional  to  the  third  power  of  the  air  flow 
rate.  Equipment  should  be  arranged  wherever  possible  so  as  to  have  the 
highest  possible  effectiveness  as  a heat  exchange  device. 

3.  In  order  to  design  a heat  exchanger  system  which  maintains  a speci- 
fied difference  between  the  equipment  temperature  and  the  fuel  tempera- 
ture, the  heat  storage  rate  of  the  equipment  must  be  properly  accounted 
far.  This  heat  storage  rate  is  subtracted  from  the  sum  of  external, 
generated,  and  blower  power  loads,  since  it  is  not  actually  handled  by 
the  heat  excharger.  The  heat  storage  rate  can  be  determined  in  advance 
of  the  other  design  calculations  by  making  use  of  the  approximately 
constant  temperature  difference  (Te-Tf ) observed  from  the  calculation 
study.  The  importance  of  accounting  far  the  heat  storage  rate  in  a 
transient  design  is  illustrated  by  an  example  in  which  a steady-state 
design  procedure  gives  a heat  exchanger  over  twice  as  large  as  the  one 
actually  required  far  transient  operation. 

Infinitely  many  heat  exchanger  designs  are  possible  for  a given 
performance,  depending  upon  the  heat  exchanger  effectiveness  and  the 
ratio  of  blower  power  to  cooling  load  selected.  A low-effectiveness 
heat  exchanger  can  be  made  to  do  the  same  job  as  a more  effective  ex- 
changer, but  a higher  air  flow  rate  is  required,  giving  higher  air 
power  requirements.  The  heat  exchanger  of  lower  effectiveness  is 
smaller,  however,  and  therefore  offers  some  advantage. 
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1.  Assumptions  for  Analysis 

This  analysis  of  equipment  cooled  by  an  air-to-liquid  heat  ex- 
changer makes  use  of  a compartment  similar  to  that  described  in  Section  V, 
Both  the  equipment  and  cooling  apparatus  are  enclosed  in  a constant-pres- 
sure compartment,  either  with  or  without  skin  insulation.  Since  the  heat 
exchanger  is  centrally  located  with  the  equipment,  both  are  exposed  to  the 
external  heat  loads  by  radiation  and  free  convection.  This  requires  mare 
effective  cooling  of  the  equipment  than  would  be  required  if  the  heat  ex- 
changer surrounded  the  equipment.  The  centrally  located  exchanger  offers 
the  important  advantages  of  greater  compartment  accessibility  and  fewer 
structural  complications,  however.  In  addition,  the  total  heat  load  to  the 
fuel  or  primary  coolant  is  much  less  for  a central  heat  exchanger  than  for 
one  which  surrounds  the  equipment.  This  is  important,  since  the  allowable 
heat  addition  to  the  fuel  may  be  severely  limited.  A closed  air  circuit  is 
used,  consisting  of  the  ductwork,  the  equipment  casing,  the  blower  casing, 
and  the  heat  exchanger.  Although  air  in  the  closed  circuit  is  under  forced 
circulation,  it  is  assumed  to  be  at  substantially  the  same  pressure  as  the 
compartment  air  surrounding  the  equipment.  A schematic  drawing  of  the  ar- 
rangement of  equipment  components  and  cooling  apparatus  as  they  might  be 
placed  in  a cylindrical  compartment  is  shown  in  Figure  VII-1.  In  the  fig- 
ure, the  individual  equipment  bodies  are  shown  connected  in  series  in  the 
closed  air  circuit,  although  parallel  and  combinatio  n3  of  series-parallel 
circuits  are  just  as  likely. 


Figure  VII-1.  Schematic  of  Compartment  With  an 
Air-to-Liquid  Heat  Exchanger 


2gg 

-^CONFIDENTIAL  , 


WADC-TR  53-llU 


As  in  Section  V,  the  equipment  is  assumed  to  receive  external  heat 
from  the  aircraft  skin  by  free  convection  and  radiation  only*  It  is  also 
assumed  that  an  average  surface  temperature  can  be  used  to  represent  all 
equipment  surfaces  in  describing  the  heat  transfer  processes  in  the  com- 
partment. This  applies  to  both  heat  received  from  the  skin  and  heat  re- 
moved in  tiie  forced  air  circuit.  It  is  convenient  to  consider  the  entire 
group  of  equipment  bodies  as  a heat  generating  exchanger.  This  permits 
the  use  of  the  concept  of  heat  exchange  effectiveness  (to  be  defined  later) 
in  constructing  analytical  relationships  between  the  equipment  temperature 
and  other  variables  of  the  system.  It  is  assumed  that  this  heat  exchange 
effectiveness  of  the  equipment  is  substantially  constant  -with  changes  of 
equipment  temperature.  This  assumption  is  reasonably  accurate,  since  the 
heat  exchange  effectiveness  of  any  surface  is  principally  a function  of  its 
physical  dimensions,  shape,  and  flow  rates,  and  is  affected  only  slowly  by- 
changes  of  fluid  properties  due  to  changes  of  temperature . 

Equipment  usually  cannot  be  designed  in  such  a way  as  to  give  high 
priority  to  its  performance  as  a heat  exchange  device.  It  is  therefore 
reasonable  to  assume  that  the  effectiveness  of  the  equipment  as  a heat  ex- 
changer is  low,  and  consequently  that  the  pressure  drop  due  to  forced  air 
flow  through  the  equipment  is  low.  Thus,  in  analyzing  pressure  drop  and 
air  flow  power  requirements  of  the  system,  it  is  assumed  that  the  principal 
-pressure  loss  of  the  forced  air  circuit  occurs  in  the  heat  exchanger,  and 
that  losses  occurring  elsewhere  are  negligible.  In  most  of  the  analysis, 
the  type  of  heat  exchanger  considered  has  air  flow  through  tubes  so  that 
the  air  pressure  drop  is  based  on  data  for  straight,  smooth  tubes,  with  an 
appropriate  allowance  for  entrance  and  exit  losses.  The  pressure  loss  and 
air  flow  rate  are  used  to  establish  air  power  requirements.  In  determining 
the  heat  load  on  the  system  due  to  energy  input  for  air  circulation,  it  is 
assumed  that  the  over-all  efficiency  of  the  blower-motor  unit  is  25  percent. 
It  is  assumed  that  the  blower’s  discharge  volume  remains  constant  during 
the  entire  flight  time,  irrespective  of  charges  in  air  temperature. 

The  film  coefficient  on  the  liquid  side  of  the  heat  exchanger  is  not 
considered  in  this  analysis.  It  is  assumed  that  the  liquid  coolant  is  cir- 
culated around  the  outside  of  the  tubes  at  high  velocity,  giving  a large 
heat  transfer  coefficient  and  negligible  temperature  drop  between  the 
liquid  and  the  tube  surface.  Temperature  drop  through  the  metal  tube  wall 
is  also  neglected.  It  i3  also  assumed  that  the  liquid  flow  rate  is  so  high 
that  the  temperature  rise  of  the  liquid  can  be  neglected,  and  the  entire 
tube  surface  in  the  heat  exchanger  can  be  considered  at  the  same  tempera- 
ture. Thus,  the  liquid  temperature  is  at  all  times  taken  as  substantially 
equal  to  its  temperature  on  entering  the  heat  exchanger.  The  primary 
coolant  tempera  tire  may  therefore  vary  with  time  depending  on  factors  which 
affect  its  temperature  at  its  source,  but  the  primary  coolant  temperature 
is  independent  of  the  heat  exchange  process  within  the  compartment.  The 
conditions  of  very  large  heat  transfer  coefficient  on  the  liquid  side  and 
negligible  temperature  change  of  the  liquid  coolant  are  possible  in  a 
practical  application.  These  conditions  would  be  fulfilled  by  using  as 
primary  coolant  the  fuel  consumed  by  a large  ram- jet  engine,  providing  the 
cooling  load  were  not  exceptionally  great.  They  would  also  be  fulfilled 
when  using  an  evaporative  coolant  on  the  liquid  side  of  the  heat  exchanger. 
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As  in  the  case  of  previous  analyses,  thermal  capacities  of  the  com- 
partment air  and.  insulation  are  neglected.  The  thermal  capacities  and  heat 
transfer  surface  areas  based  on  a unit  skin  area  associated  with  the  com- 
partment are  now  considered  to  include  the  ducts  and  other  cooling  apparatus 
in  the  compartment.  The  heat  exchanger  itself  is  not  included.  Any  ex- 
ternal heat  load  by  convection  and  radiation  to  the  heat  exchanger  is  trans- 
ferred to  the  primary  coolant  without  entering  the  air  circuit  and  therefore 
is  not  a part  of  the  heat  loads  in  the  equipment  cooling  problem. 

All  heat  transfer  and  heat  generation  rates  are  expressed  on  a unit 
skin  area  basis.  The  same  is  true  of  the  equipment  thermal  capacity.  It 
therefore  follows  that  the  principal  variables  describing  the  heat  exchanger 
and  the  cooling  performance  are  on  a unit  skin  area  basis.  For  example,  in 
the  case  of  a tube-type  heat  exchanger  with  air  flow  through  the  tubes,  the 
number  of  tubes  specified  and  the  total  air-flow  rate  are  expressed  as  the 
number  of  tubes  per  unit  area  and  the  cubic  feet  per  hour  and  per  unit  area, 
respectively.  A heat  exchanger  serving  a compartment  having  several  units 
of  skin  area  would  consist  of  the  same  length  tubes,  but  the  total  number  of 
tubes  would  be  the  number  per  unit  skin  area  times  the  total  number  of  skin 
area  units  associated  with  the  compartment. 


2.  Nomenclature 

Symbol  Definition  Units 

A Area  ft2 

a,b,c,d  Bnpirical  constants  defined  by  equations 

(VII-19  and  -20) 


a’ 


B,C 


c 

CP 

D 

E 

F 

f 

G 

g 

H 


Convection  group  used  in  equation  (VII-3) 
Substitution  constants  far  equation  (VII-22) 
Specific  heat 

Specific  heat  at  constant  pressure 
Diameter 

Constant  of  integration 
Relative  use  factor 
Frictio  n factor 

Substitution  constant  for  equation  (VII-22) 

O 

Gravitational  constant  « 1;.  17x10° 
Substitution  variable  defined  in  Figure  VT 1-9 


Btu/lb-°R 

Btu/lb-°R 

ft 

dimensionless 

dimensionless 

ft/hr2 
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Symbol 


Units 


h 

K 

k 

M 

m 

n 

n» 

Pr 

P 

Q 

q 

s 

Re 

r 

T 

U 

V 

w 

If 

X 

a 

7 

6 
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Definition 


Heat  transfer  coefficient 
Coefficient  for  entrance  and  exit  losses 
Thermal  conductivity 

Substitution  constant  for  equation  (VII-22) 

Weight  based  on  unit  skin  area 

Number  of  tubes  or  number  of  frontal  area 
units  in  heat  exchanger  core  based  on  unit 
skin  area 

Total  number  of  tubes  or  number  of  frontal 
area  units  in  heat  exchanger 

Prandtl  modulus 

Pressure 

Volume  flow  rate  based  on  unit  skin  area 
Heat  transfer  rate 

Ratio  of  free  convection  to  radiation  heat 
transfer  surface  area 

Reynolds  modulus 

Radius 

Absolute  temperature 

Conductance 

Velocity 

Weight  flow  rate  based  on  a unit  skin  area 
Weight 

Length  or  thickness 

A ratio  of  motor  power  to  heat  exchanger 
capacity 

Weight  density 

Pressure 
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dimensionless 

Btu/hr-ft2-°R 

lb/ft2 

dimensionless 

dimensionless 

dimensionless 

lb/ft2 

ft3/br-ft2 

Btu/hr-ft2 

dimensionless 

dimensionless 

ft 

°R 

Btu/hr-ft2-°R 

ft/hr 

Xb/br-ft2 

lb 

ft 

dimensionless 

lb/ft^ 

atmospheres 
( dimens ionles s ) 


Units 
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Symbol 

Definition 

£ 

Radiation  emissivity 

Viscosity 

a 

Heat  exchanger  -effectiveness 

T 

Time 

T* 

Time 

dimensionless 

Ib/ft-hr 

dimensionless 

hr 

win 


SUBSCRIPTS 

a 

ai 

ao 

al 

ax 

c 


ce 

ci 

d 

e 

f 

g 

H 

h 

i 

it 


Refers  to  air 

Denotes  air  entering  equipment 

Denotes  air  leaving  equipment 

Denotes  air  entering  tube 

Denotes  air  leaving  tube  of  length  x 

Denotes  convection  when  used  with  heat 
transfer  coefficient 

Denotes  free  flow  area  of  core  when  used 
with  area 

Denotes  convection  at  equipment  surface 

Denotes  convection  at  insulation  surface 

Denotes  design  value 

Refers  to  equipment 

Refers  to  fuel 

Denotes  generated  value 

Refers  to  heat  exchanger 

Denotes  hydraulic  radius 

Refers  to  insulation 

Refers  to  insulation  on  fuel  tanks 

Denotes  average  value 
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SUBSCRIPTS 


o Denotes  external  value 

p Denotes  power  requirement  of  blower  motor 

r Denotes  radiation  value 

s Refers  to  heat  exchanger  shell 

se  Denotes  equipment  heat  storage 

sh  Refers  to  heat  exchanger  tube  sheets 

t Refers  to  heat  exchanger  tubes 

tot  Denotes  total  value 

w Refers  to  skin 

1,2  Denotes  initial  and  final  value  for  a 

time  interval,  respectively 

(1/2)  Denotes  value  at  middle  of  flight  time 


3*  Derivation  of  Equations 

a.  External  Heat  Load  to  the  Equipment 

The  external  heat  load  to  the  equipment  is  transferred  by- 
conduction  through  the  skin  insulation,  and  by  free  convection  and  radia- 
tion inside  of  the  compartment.  The  rate  of  heat  transfer  by  conduction 
through  the  insulation  is  given  by 

qo  - (X^.  - T±)  (VII-l) 

'Fi 

The  rate  of  heat  transfer  from  the  insulation  to  the  equipment  by  radiation 
is  given  by 


qr  - hp  (T±  - Te)  ( VI 1-2) 

where 


as  explained  in  Section  V. 
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The  rate  of  heat  transfer  from  the  insulation  to  the  equipment  by  free  con- 
vection is  given  by 


% * \ <Ti  “ Te) 


(VII-3) 


where 


hc  “ 

h^ 


and  where 


\±  - (-m)  ^ )2/3(ti  - v 


iV3 


for 


TjVT. 

T 


a 

evaluated  at  ~V- - and  similarly  far  hCQ. 


The  reader  is  referred  to  the  analysis  of  Section  V for  complete  details 
concerning  the  equations  for  conduction,  radiation,  and  free  convection. 


b.  Heat  Transfer  Between  the  Equipment  and  the  Primary  Coolant 


Heat  exchange  between  the  equipment  and  the  air-to-liquid 
heat  exchanger  is  most  conveniently  considered  in  terms  of  the  heat  ex- 
changer effectiveness,  and  the  equivalent  heat  exchanger  effectiveness  of 
the  equipment.  The  definition  of  heat  exchanger  effectiveness  used  for 
this  purpose  is  the  ratio  of  actual  temperature  rise  of  the  secondary 
coolant  in  the  equipment  to  the  greatest  possible  temperature  rise  of  that 
fluid  when  exposed  to  the  equipment  surface  temperature.  According  to  thLs 
definition,  the  effectiveness  for  the  equipment  can  be  written. 


^Tao  " Tai^ 
<*.  - Tai> 


(vn-U) 


where  Tai  and  Tao  are  the  air  temperatures  on  entering  and  leaving  the 
equipment,  respectively.  Similarly,  the  effectiveness  for  the  heat  ex- 
changer can  be  written. 


<Tao  * Tal> 

"H  ' (Ta0  - If) 


(TII-5) 


Equations  (VII-li)  and  (711-5)  can  be  combined  and  rearranged  to  give 


+ 1 


(Te  - Tf)  + (Tao  - Tai) 
We'-'fai) 


3* 
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By  a heat  balance  equation 

^Lf  ■ Wa  Cp  (Ta0  - Tai) 


or 


qf  - Wa  cp  ae  (Te  - Tai) 

Combining  the  last  three  equations  to  eliminate  Ta0  and  Ta^,  and  rear- 
ranging gives 

qf  " (ZTZ — i)  (Wa  cP^Te  “ Tf>  (VII-6) 

+ ae  “ 1 

Equation  ( VII-6)  shows  that  the  heat  transfer  rate  between  the  equipment 
and  the  primary  coolant  is  directly  proportional  to  the  over-all  tempera- 
ture potential,  the  thermal  capacity  rate  of  the  secondary  coolant,  and  a 
function  of  the  effectiveness  values  for  the  heat  exchanger  and  the  equip- 
ment,, As  explained  earlier,  the  effectiveness  of  the  equipment  is  taken 
as  constants 


c.  Effectiveness  of  the  Heat  Exchanger 

An  expression  for  the  effectiveness  of  a straight-tube  heat 
exchanger  can  be  derived  from  the  definition  of  effectiveness  and  a heat 
balance  equation.  For  air  flowing  through  n tubes  and  exchanging  heat  with 
the  tube  surfaces,  the  heat  balance  is, 

(Qa  7 a cp)dTa  “ [ ^s  “ Ta)nriD]  dx 
By  rearranging,  this  becomes 


dTa 

(Ts  - Ia) 


U 


hg^  nnD 


a 'a 


) 


dx. 


and  may  be  integrated  for  constant  Ts  and  Qa,  and  for  a suitable  constant 
mean  value  of  heat  transfer  coefficient  hg,  and  air  properties.  The  result 
is 


1 l0«e  (^-^)  (VII-7) 

Using  the  definition  of  cry,  and  observing  that  by  previous  definition  ■ 
Tf,  Tal  * Tao>  811(1  Tax  * Tai»  elation  (VII-7)  becomes 

1 • l0^  (r^3j)  ww) 
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This  is  solved  for  the  effectiveness  to  give 


(vn-9) 


Equation  (VII-9)  is  for  a straight-tube  type  exchanger  -with  air  flow 
through  the  tubes.  It  is  easily  shown  that  far  ary  type  of  heat  exchanger 
core. 


ctH 


V 

1 - (e)  p 


(VII-10) 


•where  A is  the  heat- transfer  area  per  unit  length  parallel  to  the  flow  and 
per  unit  frontal  area  normal  to  the  flow,  and  where  n is  the  number  of  such 
frontal  area  units. 


The  heat  transfer  coefficients  hu  used  in  equations  (VII-9)  and 
(VTI-10)  are  for  forced  convection  through  the  heat  exchanger  care.  For  a 
straight  tube.  Reference  (VII-1)  gives  an  expression  suitable  for  cooling 
of  air  as. 


0.0265  ( *)  (?  ’•T* 


yU. 


(VII-ll) 


which  is  appropriate  far  use  in  equation  ( VII-9).  For  use  in  equation 
(VII-10),  a value  of  h^  appropriate  to  the  particular  heat  exchanger  core 
must  be  selected.  Reference  (viI-2)  gives  graphical  data  on  heat  transfer 
coefficients  far  a large  number  of  heat  exchanger  cores. 


d.  Power  Requirements  of  the  Closed  Air  Circuit 

As  assumed  earlier,  the  pressure  drop  of  all  parts  of  the 
system  other  than  the  heat  exchanger  is  neglected.  By  use  of  the  Darcy 
equation  (Ref.  VII-3),  the  pressure  drop  for  a straight  tube  is  given  by 


where  the  term  1.5  allows  for  entrance  and  exit  losses  to  the  heat  ex- 
changer. The  power  requirement  is  the  product  of  this  pressure  drop  times 
the  total  volume  flow  rate  of  circulated  air.  Converting  from  mechanical 
units  to  thermal  units,  and  allowing  for  a 25  percent  over -all  fan  and  motor 
efficiency,  the  total  heat  load  imposed  by  operation  of  the  air  circulation 
system  is 

qP  " (775)  (Qa7a)  (sf-K1**  + T) 
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(¥11-32) 


qP 


rX1*5  + §) 


1621x10 


Equation  (YII--12)  is  for  a system  using  a straight  tube  heat  exchanger  core, 
with  air  flow  through  the  tubes.  It  is  similarly  shown  that  for  ary  type 
heat  exchanger  core 


• ( 


7a  V 


i)(K +§u 


1623x10**  n2  Ac' 


(VII-13) 


where  Ac  is  the  free  area  available  to  flow  per  unit  frontal  area  of  the 
core,  and  r^  is  the  hydraulic  radius  of  the  core  defined  as 


rh 


Ac  x 


(VU-llt) 


The  term  K of  equation  (VII-13)  allows  for  entrance  and  exit  losses  to  the 
heat  exchanger. 

The  friction  factor  f of  equations  (¥11-12,  and  -13)  is  a function  of 
the  Reynolds  number.  For  turbulent  flow  in  a smooth  tube,  f is  obtained 
using  equation  (¥11-23),  P*  VII-27,  where 

y YD 

Re  « -2 — (¥11-15) 


Or  it  may  be  obtained  from  plots  of  f versus  Re,  such  as  Figure  ¥11-10. 
Reference  ¥11-2  gives  values  of  f plotted  versus  Re  far  a large  number  of 
other  heat  exchanger  cores.  The  Reynolds  number  as  defined  for  any  core  is 

Re  - . ■ (¥11-16) 


Caution  should  be  exercised  in  the  use  of  friction  factors.  Those  given  in 
Reference  ¥11-2  are  Fanning  friction  factors  rather  than  Darcy  friction 
factors.  Falues  taken  from  this  reference  should  therefore  be  multiplied 
by  four  for  use  in  equation  (VII-13). 


e.  Heat  Balance  for  the  Compartment 

A heat  balance  may  be  written  for  the  compartment,  wherein 
the  sum  of  all  heat  loads  minus  the  cooling  effect  is  set  equal  to  the  rate 
of  heat  stored  in  the  equipment.  This  is  given  by  the  equation 

Ise  * *o  ^p  ^g  — ^f  (VII— 17 ) 

The  rate  of  heat  storage  in  the  equipment  is  given  by. 


WADC-TR  53-llU 


307 


CONHDENTtAL 

qse  - *e  ce  (-|^)  (VII-18) 

where  the  thermal  capacity  product  nigCg  is  expressed  on  a unit  skin  area 
basis  (for  skin  area  associated  with  the  compartment),  as  are  all  the 
other  heat  rate  quantities  of  equation  (VII-17). 

The  equations  here  derived  are  sufficient  to  describe  completely  the 
heat  exchange  processes  and  temperature  rise  of  equipment  in  a cooled 
compartment. 


ii.  Procedure  for  Calculating  Equipment  Temperature  Rise  with  Time 
a.  General  Method 

Because  of  the  large  number  of  heat  loads  in  the  compartment 
studied  in  this  Section,  it  is  convenient  to  divide  the  calculation  pro- 
cedure into  two  pa?ts.  The  first  part  is  concerned  with  calculating  the 
external  heat  load  q^  over  a range  of  temperature  values  for  the  equipment. 
Results  of  this  calculation  are  then  prepared  as  a plot  of  qg  versus  Te 
and  used  for  the  second  part  of  the  calculation.  The  calculation  of  ex- 
ternal heat  loads  is  covered  extensively  in  Section  V and  is  therefore  not 
given  here.  A description  is  given  here  of  the  second  part  of  the  calcu- 
lation, which  is  concerned  with  calculating  the  equipment  temperature  rise 
with  time.  A detailed  calculation  procedure  and  a sample  calculation  are 
given  in  the  Appendix  to  this  Section. 

A stepwise  calculation  procedure  is  required,  since  the  expression 
for  heat  exchanger  effectiveness,  equation  (VII-9)  is  derived  assuming 
constant  values  of  heat  transfer  coefficient  and  air  properties.  This 
assumption  is  reasonable  only  for  small  temperature  ranges.  The  stepwise 
calculation  can  be  made  using  the  initial  temperature  conditions  of  a time 
interval  for  calculating  temperature  rise,  in  which  case  the  interval  cal- 
culation is  direct.  If  average  interval  temperatures  are  used,  the  calcu- 
lation is  more  accurate  for  intervals  of  given  size,  but  the  procedure  in- 
volves trial  and  error.  The  second  method  is  described  here,  since  it  is 
more  generally  valid.  The  procedure  described  is  for  the  use  of  the 
straight-tube  type  of  heat  exchanger  core. 


b.  Procedure 


To  begin  calculation,  a number  of  compartment  and  equipment 
characteristics  must  be  known,  in  addition  to  those  required  to  calculate 
the  external  heat  load.  To  describe  heat  exchanger  performance,  Qg,  x,  £ , 
Va,  D,  and  n must  be  known,  and  a temperature-time  plot  for  the  coolant  or 
fuel  must  be  available.  This  procedure  assumes  the  use  of  JB-3  fuel  as  a 
liquid  coolant,  and  fuel.  Temperature- time  plots  are  taken  from  Appendix 
III.  The  equipment  must  be  described  in  terms  of  ae,  qg,  and  mgCe. 
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Calculation  of  an  interval  begins  by  assuming  a value  of  Te2  corre- 
sponding to  a selected  time  interval  at.  The  value  of  Tfm  is  then  obtained 
from  the  fuel  temperature  plot  at  the  middle  of  at,  and  the  value  of  Tem 
is  calculated  as 


(T*l  + 


e2' 


Lem 


*a  cp  (Tao  “ Tai^ 


By  a combination  of  equations  (VII-4,  -6)  and  the  equation, 

qf 

the  equation 

T. 


kax 


T 

em 


(Tem  “ Tfm) 

I 


cu  ( ■ — + 


-1) 


is  obtained.  This  is  used  to  calculate  Tg^  as  based  on  crH  from  the  previous 
interval ^ Equations  (VII-li  and  -$)  are  next  combined  to  give 

Tao  “ (Tem  - T'aj_)  (-£)  + T^ 

H 

•which  is  used  to  calculate  Tao  as  based  on  erg  from  the  previous  interval. 
Then  Tg^  is  calculated  as 


T » Tao  * Tai 
^am  2 

and  values  of  ya  and  Cp  are  found  for  air  at  Tarn. 

Equation  (VII— 6)  is  used  to  oa^nuicte  q^,  using  the  relationship 

^a  cp  ® ^a  y a cp 

and  using  tempera tur es  at  their  mean  values  (subscript  v). 

The  heat  transfer  coefficient  is  evaluated  at  Tatu  next.  This  is 
conveniently  done  using  Figure  VII-8,  where  is  given  as 

\ * Kx  10“k  ( 5 Va)0*8 

based  on  equation  (VTT-U) , The  value  of  H is  read  from  the  Figure  at  T^ 
and  then  used  in  the  above  equation  to  calculate  1^. 

The  value  of  crj  is  then  caleula aed  from  equation  (VII-9),  and  equation 
(VII  -6}  -s  again  need  to  calculate  q^.  The  most  recently  calculated  value 
of  v for  the  interval  should  agree  within  one  percent  of  the  value  obtained 
ear  tier . Otherwise,  the  calculation  is  repeated,  using  the  calculated  value 
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of  ay  in  preference  to  the  value  from  the  previous  interval. 

TThen  is  sufficiently  accurate,  the  power  requirement  may  be  calcu- 
lated. The  Reynolds  number  is  evaluated  using  equation  ( 711-15 ) and  taking 
fluid  properties  at  T^.  If  the  compartment  is  at  other  than  standard  at- 
mospheric pressure,  tne  value  of  *ya  must  be  adjusted  accordingly,  since  it 
is  directly  proportional  to.  pressure  for  a perfect  gas.  The  value  of  f is 
then  obtained  from  equation  (VII-23)*  p.  VII-27  , corresponding  to  Re,  or 
from  a plot,  such  as  Figure  VII-11,  and  qp  is  calculated  with  equation 
(HI-12). 

Equation  (VII-17)  is  used  to  calculate  qse,  and  equation  (VII-18)  is 
used  to  calculate  aT6.  Te2  is  then  given  by 

t„2  - tel  ♦ ATe 

Teo  as  calculated  with  the  above  equation  should  agree  closely  with  the 
value  assumed  at  the  beginning  of  the  interval  calculation.  It  is  not 
difficult  to  obtain  agreement  between  the  assumed  and  calculated  ATe  of 
one  or  two  percent. 

On  completion  of  the  interval  calculation,  the  value  of  Tog  obtained 
is  used  as  the  value  of  Te^  far  the  next  interval,  and  the  entire  process 
is  repeated.  The  procedure  required  to  establish  the  initial  value  of  crfi 
for  use  in  the  first  interval  is  indicated  in  the  Appendix  of  this  Section. 


c.  Selection  of  the  Time  Interval 

The  size  of  time  interval  to  use  varies  depending  on  the 
amount  of  curvature  in  the  plot  of  T~  versus  r,  A large  time  interval 
should  not  be  used  where  the  slope  of  this  plot  is  changing  rapidly.  It 
is  recommended  that  occasional  checks  be  made  to  determine  whether  the 
size  of  time  interval  being  used  is  small  enough.  Thi3  is  readily  done 
by  dividing  an  interval  in  two,  and  recalculating  with  the  two  half -size 
intervals  to  determine  if  substantially  the  same  end  temperature  is 
achieved.  If  not,  the  interval  being  used  is  too  large.  It  is  then  neces- 
sary to  determine  by  trial  the  size  of  the  largest  accurate  interval. 


EFFECTS  OF  COMPARTMENT,  EQUIPMENT,  AND  HEAT  EXCHANGER  CHARACTERISTICS  ON 
EQUIPMENT  TEMPERATURE  RISE 


1.  General  Performance.  Coolant  Temperature 

Typical  equipment  temperature  curves  for  equipments  located  in  a 
compartment  with  an  air-to-fuel  heat  exchanger  are  shown  in  Figure  VII-2. 
Fuel  JP-3  is  used  as  the  liquid  coolant,  and  the  plots  of  fuel  temperature 
are  taken  from  Figure  AIII-9.  The  characteristics  of  the  compartment,  the 
equipment,  and  the  heat  exchanger  are  given  in  the  figure.  The  two  cases 
plotted  are  for  identical  conditions,  except  that  a different  coolant  tern- 
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Figure  VTI-2 

Typical  Performance,  Temperature  Rise  of  Equipment  in  a 
Compartment  Cooled  by  an  Air -to -Fuel  Heat  Exchanger. 
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perature  schedule  is  used.  The  line  labeled  as  "adiabatic  Te"  represents 
the  temperature  plot  for  the  same  heat  generating  equipment,  but  -without  any 
heat  exchange,  neither  heating  nor  cooling.  Physically,  it  represents  equip- 
ment -which  is  perfectly  insulated  from  its  surroundings . 

The  two  plots  of  Te  in  Figure  VII-2  show  that  after  an  initial  period 
of  rapid  temperature  rise,  the  equipment  temperature  plot  runs  approximately 
parallel  to  the  fuel  coolant  temperature  plot,  or  ( aTq/at)  ~ ( a T^/at). 

The  initial  rate  of  temperature  rise  is  greater  than  for  the  perfectly  in- 
sulated equipment  because  in  the  arrangement  analyzed,  external  heat  loads 
are  directly  applied  to  the  equipment.  Since  equipment  and  fuel  temperatures 
are  initially  equal,  the  equipment  must  first  achieve  a temperature  suf- 
ficiently higher  than  the  fuel  to  provide  the  necessary  potential  to  transfer 
a portion  of  the  various  heat  loads  to  the  primary  coolant.  In  order  to  do 
this,  it  is  necessary  for  the  equipment  to  store  some  of  the  heat  it  re- 
ceives, or  generates.  Later,  as  (Te-Tf)  becomes  large  enough,  the  cooling 
action  of  the  heat  exchanger  predominates  and  the  difference  between  the 
equipment  temperature  and  its  adiabatic  value  becomes  progressively  greater. 
For  the  cases  shown,  the  use  of  cooling  appears  to  be  desirable  only  for 
flight  times  longer  than  JO  minutes  since  only  thereafter  the  equipment 
would  be  cooler  than  if  it  were  perfectly  insulated. 

It  is  shewn  in  Section  V,  that  for  a constant  skin  temperature,  higher 
external  heat  loads  occur  at  lower  equipment,  temperatures.  Therefore,  in 
the  case  of  lower  equipment  temperature  (Uj_^  « 1,0)  a greater  temperature 
potential  (Te  - Tf  ) is  maintained  than  in  the  case  where  ■ 5*0.  Another 
reason  far  this  greater  value  of  (Te  - Tf)  is  that  in  the  case  of  more 
slowly  rising  temperatures  less  heat  is  stored  in  the  equipment  per  unit 
time,  requiring  that  more  of  the  heat  be  transferred  to  the  fuel.  It  is 
apparent  from  Figire  VII-2  that  the  parallel  relationship  between  the 
equipment  temperatures  and  the  fuel  temperatures  does  not  hold  where  the 
( aTj/  at)  is  changing  rapidly,  as  occurs  at  t*  ■ 100  min  and  beyond.  Under 
these  circumstances  the  equipment  thermal  capacity  provides  an  inertia  ef- 
fect, tending  to  prevent  comparatively  sudden  changes  of  ( ATg/  at). 

Equipment  with  different  thermal  capacity  than  the  cases  shown  would 
behave  in  a similar  fashion.  For  smaller  equipment  thermal  capacity,  the 
initial  equipment  temperature  rise  would  be  more  rapid,  since  the  heat 
load  conditions  would  be  the  same,  but  the  equipment  is  able  to  store  less 
heat  per  unit  temperature  rise.  In  the  region  where  ( aTq/  at)  ^ 

( aTj/  at),  the  equipment  would  maintain  a greater  temperature  potential 
(Te  - Tj),  since  a greater  portion  of  the  heat  loads  would  have  to  be  trans- 
ferred to  the  fuel  because  of  the  reduction  in  qse  due  to  lower  thermal 
capacity.  Cases  with  greater  equipment  thermal  capacity  would  behave  in 
the  reverse  manner. 


2.  Heat  Exchanger  Effectiveness 

The  effect  of  heat  exchanger  effectiveness  in  terms  of  tube 
length  on  the  equipment  temperature  rise  is  shown  in  Figure  VII-3.  Charac- 
teristics of  the  compartment,  the  equipment,  and  the  heat  exchanger  are 
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given  in  the  figure.  Fuel  is  used  as  the  primary  coolant,  with  the  fuel 
temperature  plot  taken  from  Figure  AIII-9 . All  the  cases  plotted  in  Figure 
VII-3  are  identical,  except  that  the  length  of  the  tubes  in  the  heat  ex- 
changer is  varied.  The  plot  labeled  "adiabatic  Te“,  as  before,  represents 
the  temperature  of  perfectly  insulated  equipment.  The  plot  labeled  "no  heat 
exchanger*  is  the  result  of  a calculation  based  on  the  methods  of  Section  V • 
It  represents  the  same  equipment  and  the  same  compartment,  except  that  there 
is  no  heat  exchanger  and  no  forced  air  circulating  system. 

It  is  immediately  seen  from  Figure  VI 1-3  that  the  longer  the  heat  ex- 
changer tubes,  the  greater  the  cooling  effect.  This  results  from  the  de- 
pendence of  heat  exchanger  effectiveness  on  tube  length.  Equation  (VII-9) 
indicates  clearly  that  the  heat  exchanger  effectiveness  increases  with 
tube  length.  The  significance  of  this  to  the  plots  of  Figure  VII— 3 can  be 
seen  from  equation  ( VI 1-6),  where  increased  o^  indicates  that  a smaller 
value  of  (Te-Tf)  is  required  per  unit  of  heat  transfer  rate  qf.  Therefore, 
for  other  factors  constant,  as  the  effectiveness  of  the  heat  exchanger 
is  increased,  the  equipment  is  brought  closer  to  the  primary  coolant  tem- 
perature. The  Improvement  in  performance  is  paid  for  in  terms  of  the 
longer  tubes,  which  weigh  more,  have  greater  pressure  drop,  and  occupy  more 
space.  Due  to  changes  in  temperature,  the  power  requirements  far  circu- 
lating the  air  vary  from  the  beginning  to  the  end  of  a flight.  For  the  be- 
ginning of  flight,  however,  the  value  of  qp  ranges  from  70.5  Btu/hr-ft^  for 
the  shortest  tube  length  of  0.309  ft  to  120.1  Btu/hr-ft^  for  the  greatest 
tube  length  of  1.106  ft.  It  is  therefore  clear  that  the  use  of  a mare  ef- 
fective heat  exchanger  imposes  greater  power  requirements  for  its  operation, 
as  well  as  the  greater  space  and  weight  requirements.  Values  of  og  are  not 
given  in  Figure  VII-3,  since  they  vary  with  temperature.  As  based  on  equa- 
tion ( VII-9)  for  the  beginning  of  flight,  however,  the  range  represented  is 
from  cqj  m 0.327  for  x • 0.309  ft  to  cr^  ■ 0.751  far  x ■ 1.106  ft. 

In  Figure  VII-3,  the  variations  of  heat  exchanger  effectiveness  and 
power  requirements  with  time  are  shown  for  one  of  the  tube  lengths.  Al- 
though the  value  of  crjj  is  principally  dependent  on  the  tube  length,  it  in- 
creases somewhat  for  constant  volume  flow  because  of  the  reduction  of  air 
density  and  changes  of  other  physical  properties  with  increased  air  tem- 
perature. The  circulating  power  requirement  decreases  because  of  the  re- 
duced air  density. 

Equation  (VII-6)  shows  that  the  equipment  effectiveness  ae  has  the 
same  influence  on  performance  as  og.  This  points  to  the  desirability  of 
arranging  the  equipment  to  act  as  an  effective  heat  exchange  device  wherever 
possible.  One  method  of  doing  this  would  be  to  arrange  the  equipment  com- 
ponents so  they  receive  the  cooling  air  from  the  heat  exchanger  in  series, 
giving  a greater  length  effect  to  the  equipment.  This  would  have  a disad- 
vantage, however,  in  that  the  equipment  components  which  received  the  air 
last  would  operate  at  higher  temperature  for  a given  heat  dissipation  than 
the  others.  The  value  of  Te  used  in  this  analysis  might  therefore  represent 
a great  range  of  temperatures,  with  actual  values  at  extremes  considerably 
above  and  below  the  average  value  as  indicated  by  TQ. 
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3.  Heat  Load 


The  effects  of  generated  heat  load  on  the  equipment  temperature 
rise  are  shown  for  three  lengths  of  heat  exchanger  tube  far  each  heat  gen- 
eration rate  in  Figure  VXl4w  The  characteristics  of  the  compartment,  the 
equipment,  and  the  heat  exchanger  are  given  in  the  figure.  The  heat  ex- 
changers of  the  same  tube  length  have  the  same  effectiveness,  or  value 
for  given  temperature  conditions,  since  the  air  flow  rates  are  directly  pro- 
portional to  the  number  of  heat  exchanger  tubes.  The  number  of  heat  ex- 
changer tubes  is  proportioned  approximately  to  the  total  heat  load  on  the 
equipment  for  the  two  cases  of  different  heat  generation. 

It  is  interesting  to  note  that  the  cases  with  lower  heat  generation 
are  held  to  scalier  values  of  (Te-Tf ),  in  spite  of  the  fact  that  the  heat 
exchangers  are  proportioned  in  size  to  the  total  heat  load.  The  reason 
for  this  can  be  found  by  examination  of  the  heat  balance,  equation  (VII-17). 
By  rearranging  this  equation  it  can  be  shown  that  the  cooling  effect  qf  is 
equal  to  the  sum  of  the  external,  generated,  and  motor  heat  loads  minus  the 
heat  storage  rate  qge.  In  designing  the  heat  exchangers  for  the  cases  in 
Figure  YH-li  this  teat  storage  rate  was  not  subtracted  from  the  sum  of  the 
heat  loads.  Therefore  the  cases  with  a smaller  heat  generation  rate  have 
a larger  cooling  capacity  as  compared  to  that  needed  under  given  tempera- 
ture conditions,  and  so  operate  with  a smaller  value  of  the  temperature 
difference  (Te-Tf). 

An  important  conclusion  can  be  drawn  from  the  foregoing.  In  order  to 
design  a heat  exchanger  to  provide  a specified  equipment  temperature  rise, 
the  capacity  of  the  heat  exchanger  must  be  proportioned  to  the  quantity 

(qo  + qp  + qg)  - 

where  the  heat  stored  due  to  thermal  capacity  is  subtracted  from  the  total 
heat  load.  This  procedure  is  followed  in  the  design  method  given  later. 

The  value  of  q?e  to  be  used  for  this  purpose  can  be  calculated,  since  it 
was  noted  earlier  that  ( aTq/at)  as  ( AT-p/ at)  permitting  the  use  of  equa- 
tion (VII-18)  for  the  calculation.  The  importance  of  allowing  for  the  heat 
storage  rate  in  a transient  heat  exchanger  design  is  illustrated  by  the 
following  example.  In  Figure  VII- 3 it  is  seen  that  for  a heat  exchanger 
with  x » 0.309  ft  the  equipment  reaches  Te  « 8l5°R  at  t*  » 100  min.  If  a 
heat  exchanger  is  designed  for  the  heat  loads  corresponding  to  this  equip- 
ment temperature  and  the  fuel  temperature  at  t'  = 100  min,  but,  neglecting 
the  value  of  qse,  the  tube  length  is  found  to  be  x » 0.725  ft.  All  of  the 
other  factors,  such  as  air  flow  rate,  are  the  same  as  in  Figure  VII-3* 

This  steady-state  design  procedure  is  thus  seen  to  indicate  a heat  ex- 
changer over  twice  as  big  as  that  actually  required  to  achieve  the  design 
equipment  temperature.  Furthermore,  by  interpolation  in  Figure  VII-3,  it 
is  found  that  a teat  exchanger  with  x » 0.725  ft  would  overcool  ty  more 
than  50°F  assuming  that  Te  - 8l5°R  were  desired  as  the  equipment  temperature. 

A design  procedure  is  given  later  which  uses  the  principles  found  in 
this  calculation  study  to  design  teat  exchangers  far  desired  transient  per- 
formance characteristics. 
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Effect  of  Generated  Beat  Load  and  Heat  Exchanger  Effectiveness  on 
the  Temperature  Rise  of  Equipment  in  a Cooled  Compartment 


VTI-22 
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SIMPLIFIED  AMTS  IS 


In  Section  V,  it  is  shown  that  the  external  heat  loads  on  the  equip- 
ment due  to  radiation  and  free  convection  can  be  closely  approximated  with 
a linear  function  of  Te.  This  simplification  can  be  used  to  develop  an  ap- 
proximate expression  for  the  temperature  rise  of  equipment  in  a compartment 
with  a heat  exchanger. 

The  external  heat  load  is  written, 

qo  - a - b Te  (VIMS) 

which  is  a different  form  than  that  used  in  Section  V. 

By  combination  of  equations  (V-6,  -17,  -18,  and  -19),  and  by  changing 
to  differential  form, 

dTp  / Q.  7 a C-n  » 

a - bTe  + qg  + qp  - ce  ^ 'T'f  i)  (Te  “ Tf) 

ctH  CTe 

where  a,  b,  qg,  mgCg,  Qa*  and  oe  are  constants.  From  Figure  VTI-U  it  ap- 
pears that  cqj  is  substantially  constant  if  the  temperature  range  is  not  too 
great.  The  product  y^c  is  also  fairly  constant  for  small  temperature 
ranges  (>acp  * 0.012  at  800°R,  >acp  ■ 0.099  at  1000°R).  Figure  VII-3  shows 
some  variation  of  qp,  but  its  magnitude  is  small  compared  to  the  other 
terms,  and  it  is  therefore  considered  constant.  The  equation  is  next  re- 
stricted to  regions  of  time  short  enough  that  the  variation  of  fuel  tem- 
perature with  time  can  be  expressed  as  a linear  function  of  time,  i.e., 

Tf  ■ c + dr  (VII-20) 


Then  making  the  substitution 

M 

the  equation  becomes 

ES  + T 

3T  ffijCg  e 
Substituting  again,  let 

B ■ 

C - 


aH  CTe 


+qg  .qp  +lfc.  , Md  > 
v ce  / v^e  ce) 


M + b 
“e  «e 

a » qg  + qp  + Me 
% ce 


WADC-TR  53-114 


317 


Then 


G 


Md 

“e  ce 


+ B Te  - C + Gt  (VII-21) 

Equation  (VTI-21)  is  a linear  differential  equation,  which  is  readily 
solved  (Ref.  Vll-ij.)  to  give 


where  E is  the  arbitrary  constant  of  integration.  Using  the  boundary  con- 
dition that  Te  ■ Tei  when  x - 0 to  evaluate  E gives 

_ C G 

0 a a Tel  - 5 ♦ 3 

Te  ■ B * 5 T * ^Bt (711-22) 

When  the  constant  terms  of  equation  ( 711-2 2)  are  evaluated  for  ary- 
particular  case,  the  equation  can  bB  used  to  obtain  a direct  solution  for 
Te  corresponding  to  ary  time  t.  Values  of  terms  such  as  crH  and  q can  be 
evaluated  with  equations  (VII-9  and  -12)  respectively,  using  an  estimated 
average  temperature  of  the  air  for  the  fluid  properties* 

It  is  interesting  to  note  that  for  large  values  of  t equation  (VII-22) 
becomes 


which  is  a straight  line  function  of  t.  The  slope  of  the  line  is 

G Md 

B K M + b 


Since  b is  quite  small  compared  to  M,  this  becomes 


* d 


This  shows  that  as  x increases^  the  plot  of  Te  versus  x approaches  the 
slope  of  Tf  versus  t,  since  d is  the  slope  in  equation  (VII-20).  This  is 
an  analytical  confirmation  of  the  plot  characteristics  noted  in  Figures 
VII-2,  -3,  and  -k. 


WADC-TR  53-1114 


318 

~ CONFIDENTIAL 


DESIGN  OF  HEAT  EXCHANGER  AND  INSULATION  FOR  COOLED  EQUUMENT 


1.  Design  Example 

A design  procedure  and  a design  example  are  given  here  for  the 
selection  of  a heat  exchanger  system  and  insulation  for  a compartment. 

Using  this  procedure,  it  is  possible  to  select  the  optimum  combination  of 
heat  exchanger  and  insulation,  corresponding  to  either  minimum  space  re- 
quirements or  minimum  weight  requirements.  After  such  an  optimum  design 
has  been  achieved,  it  can  be  compared  to  any  other  compartment  systems  which 
are  capable  of  giving  the  same  temperature-time  performance  of  the  equip- 
ment. By  means  of  such  a comparison,  the  system  best  suited  to  all  the 
requirements  of  the  cooling  problem  may  be  selected.  Section  XI  describes 
the  general  procedure  for  selection  of  systems. 

It  is  noted  earlier  in  this  Section  that  the  plot  of  Te  versus  % tends 
to  run  parallel  to  the  plot  of  T*  versus  t after  an  initial  period  of  rapid 
temperature  rise  of  the  equipment.  This  fact  is  of  use  in  the  design  pro- 
cedure given  here,  since  it  makes  possible  the  selection  of  appropriate 
temperatures  for  designing  the  heat  exchanger.  As  an  example,  a design  is 
given  to  meet  the  following  specifications: 

initial  equipment  temperature  • U60°R 

maximum  permissible  equipment  temperature  * 757°R 

flight  time  required  • 100  min 

skin  temperature  * 1355°R 

compartment  air  pressure  & ■ 1.0 

equipment  thermal  capacity  lUgCe  - 2.0  Btu/°R-ft^ 

heat  generation  qg  • 150  watts/ft^  ■ 511  Btu/br-ft^ 

ratio  of  free  convection  to  radiation  heat  transfer  area  R ■ U 

fuel  temperatures  from  Figure  AIII-9  where  Ujj_t  * 5.0  Btu/hr-ft^-°R 

From  Figure  AIII-9  it  is  seen  that  the  fuel  temperature  plot  is  reason- 
ably straight.  The  plot  of  Te  versus  r will  therefore  have  about  the  same 
slope  during  the  last  part  of  the  design  time  span.  The  temperature  poten- 
tial between  the  equipment  and  the  fuel  at  the  end  of  flight  is  (Te-Tf ■ 
(757-632)  ® 125°R.  Assuming  the  system  will  hold  an  approximately  constant 
value  of  (Te-Tf)  during  the  last  half  of  the  flight  time,  an  average  equip- 
ment temperature  for  this  period  is 

_ Tf50  + Tfl00 

Te  ® 125  + ■■■■■  ■ ■■£ — 

or  Te  - 125  + - 709.5°R 
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The  average  fuel  temperature  for  the  same  period  is 

Tf  - . 58i4.5°R 

The  heat  exchanger  and  insulation  system  can  be  designed  for  these 
temperatures,  since  they  represent  average  temperature  conditions  that  must 
be  achieved  in  the  final  design. 

Since  the  external  heat  load  is  one  of  the  quantities  involved  in  a 
heat  exchanger  design,  it  is  determined  next.  As  yet  the  amount  of  insula- 
tion to  be  used  is  unknown . It  is  therefore  necessary  to  assume  a range  of 
insulating  effects,  and  determine  the  external  heat  load  corresponding  to 
each  of  them.  The  external  heat  load  is  conveniently  determined  by  the 
methods  described  in  the  design  example  of  Section  V.  Making  calculations 
of  this  type  for  a range  of  insulating  effects,  and  based  on  the  use  of 
rock  wool  insulation,  the  following  data  are  obtained,  assuming  - 0.1 
and  €e  ■ 0.2. 

T*  - 1355°R 
Te  - 709 .5°R 


ui 

Tw+Ti 

*1 

2 

Wi 

<i© 

0.2 

1098 

0.0560 

0.0280 

102.5 

0.6 

1157 

0.0592 

0.0987 

237.5 

1.0 

1191 

0.0612 

0.0612 

328.0 

2.0 

1238 

0.0639 

0.0319 

167.0 

5.0 

1292 

0.0668 

0.0167 

6U7.5 

A heat  exchanger  for  the  compartment  can  now  be  designed  corresponding 
to  each  insulating  effect.  In  order  to  do  this,  it  is  necessary  to  assume 
values  for  the  effectiveness  of  the  heat  exchanger  and  the  equipment,  and 
the  ratio  of  power  requirements  to  heat  exchanger  capacity.  A value  of 
crjj  ■ 0.70  Is  in  keeping  with  good  practice,  and  a value  of  oe  ■ 0.50  is  as- 
sumed. It  is  also  assumed  that  the  ratio  of  power  requirement  to  heat  ex- 
changer capacity  of  (qp/qf)  » 0.1  is  satisfactory.  Then  the  over-all  heat 
balance  for  the  heat  exchanger  is 


But  since  qp 


■where 


qo  + «ig  + <ip  - qf  + qse 

a qf , where  a « 0.1,  the  heat  balance  can  be  written, 

- _ (<!o  ♦ 1*  - Is.) 

* ‘ — — 


, % (Tfioo  - Tf5o> 

qse  " '“e  ce'  ( at1  \ 


320 

- -CONFIDENTIAL 


WADC-TB  5J-11U 


Then 


9«  - " ’ 22«  Btu/hr-ft2 


Using  the  assigned  values  of  a and  q 


g 


1.11  qo  + 31i* 


The  various  values  of  q0  are  next  used  to  design  heat  exchangers,  using  the 
procedure  given  below.  This  procedure  is  based  on  the  equation 


f . 0«l8k 

(Re)0^ 

for  the  Darcy  friction  factor  in  smooth  tubes  (Ref.  VII-1,  p.  121). 
Given  Data 


(VII-23) 


% " 


Btu/hr-ft* 


qf  « (1.11  qQ  + 311; ) « 


°H  " 


Btu/hr-ft^ 


■ a 


T . 

e 


ft 

°R 

’°R 


1.  Calculate 


Te  +Tf 


(T«  - If)  fan  - O 


am 


Lf/ 

r 

*5 


2.  Get  Ta,  c , m , k,  Pr  at  T . 


a*  p»  ' 

from  a figure  or  table  based  on  one  atmosphere,  then  ~y  * £y  . 


If  "X  for  air  is  taken 

/ 

a 


■>a  ■ 

Cp  - 
/O.  » 

k - 

Rr  - 


lb/ft3 

Btu/lb-°R 

lb/ft-hr 

Btu/hr-ft-°R 


Calculate 


*a  ■ ya"<V'{T.  - Tfl 


3a 


““CONFIDENTIAL 


WADC-TR  53-llU 


-CONFIDENTtAt 


ft^/hr 


U.  Calculate 


T ‘ ({^75t)  log«(rr5-) 


H 

£jt 

D 


5*  Calculate 


Qa3^ 


2 

(|  D2)  xl621rlO®xxij 


C !•*  + T ) 


6.  Calculate 


n(cc2) 


n 

n 


ft/hr 


7 • Calculate 


Re  - 


Re  ■ 

This  value  should  lie  in  the  range  5000  to  2 x 10-*  for  proper 
use  of  the  equation  for  f used  in  deriving  the  procedure. 


8 . Calculate 


,0  V 7 


0.2 


(o3BhK  -jt  ,,a)  (t) 


D 

x « 


ft 


This  procedure  determines  the  number  of  tubes  required  and  their 
length.  In  order  to  determine  the  actual  size  or  volume  requirements  of  a 
heat  exchanger,  the  tube  arrangement  must  be  decided  upon.  It  is  assumed 
here  that  the  tubes  of  0.20-inch  internal  diameter  are  located  with  a 
0.1*5-inch  equilateral-triangular  pitch.  The  header  sheet  area  for  each 
tube  then  is 


WADC-TR  53-114 


322 

— CONFIDENTIAL 


.CONFIDENTIAL 

0.U5  X 0.U5  sin  60°  > 0.1755  in2 

The  volume  requirement  of  the  entire  tube  bundle  in  cubic  inches,  for  one 
square  foot  of  skin,  is  then  0.1755  x 12 (xn).  It  is  reasonable  to  assume 
that  the  volume  of  the  heat  exchanger  is  about  130  per  cent  that  of  the 
tube  bundle.  This  makes  allowance  for  the  shell,  tube  header  sheets,  and 
the  like.  The  actual  heat  exchanger  volume,  expressed  in  cubic  inches, 
then  becomes  1*3'  x 0.1755  x 12 (xn)  « 2.7U  xn. 

Using  this  method  of  determining  the  heat  exchanger  volume,  the  re- 
sults of  the  heat  exchanger  designs  corresponding  to  the  various  insulating 
effects  are  summarized  as  follows: 


*0 

X 

n 

(2.74  xn) 

102.5 

0.807 

9.87 

21.84 

237.5 

0.807 

13.30 

29.40 

328.0 

0.807 

15.69 

34.60 

467.0 

0.807 

19.22 

42.50 

647.5 

0.80? 

23.85 

52.70 

The  last  column  gives  the  heat  exchanger  volume,  in  cubic  inches,  for  each 
square  foot  of  skin  surface  area  associated  with  the  compartment.  This 
volume  can  be  added  to  the  volume  of  insulation  on  one  square  foot  of  skin 
area,  to  give  the  total  installation  volume  of  the  heat  exchanger  and  in- 
sulation. If  desired,  an  additional  factor  may  be  applied  to  the  heat  ex- 
changer volume  in  order  to  account  for  the  volume  requirements  of  the  motor 
and  blower. 

In  order  to  make  a just  evaluation  of  the  space  requirements,  it  is 
necessary  to  account  for  the  relative  value  of  the  space  occupied  by  the 
insulation  and  that  occupied  by  the  heat  exchanger.  In  a cylindrical  com- 
partment, for  instance,  the  peripheral  space  where  the  insulation  is  lo- 
cated may  be  already  obstructed  to  some  extent  by  structural  ribs  or  mem- 
bers, making  its  use  for  equipment  impractical.  Furthermore,  the  shape  of 
equipments  may  be  such  that  space  near  -the  compartment  walls  cannot  be  used 
effectively.  Under  such  circumstances,  the  use  of  this  space  for  insulation 
would  not  impose  as  severe  a penalty  on  the  free  installation  space  of  the 
compartment  as  the  actual  volume  of  the  insulation  would  seem  to  indicate. 

It  is  therefore  advisable  to  apply  a "relative  use  factor"  to  the  insulation 
volume  requirements  before  comparing  them  with  the  heat  exchanger  volume 
requirements.  The  actual  relative  use  factor  applying  to  any  specific  case 
must  be  determined  by  the  designer.  If  the  designer  decides  he  can  use  all 
of  the  space  near  the  skin  for  installation  of  equipment,  the  relative  use 
factor  is  one,  and  the  insulation  volume  requirement  is  taken  as  12x.j_,  for 
the  cubic  inches  of  insulation  on  each  square  foot  of  skin.  For  most  prac- 
tical cases  the  relative  use  factor  is  less  than  one,  and  the  insulation 
volume  requirement  should  be  taken  as  12FX£.  The  total  volume  requirements 
of  both  the  insulation  and  the  heat  exchanger  of  the  design  example  and  for 
a number  of  relative  use  factors  are  given  below: 
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Total  Volume  Requirements 


Ui 

(F-0.1) 

(F-0.2) 

(F-0.3) 

(F-0.5) 

0.2 

70.2 

H8.3 

166.8 

263.8 

0.6 

46.5 

63.5 

80.6 

114.7 

1.0 

45.2 

55.8 

66.4 

87.4 

2.0 

48.0 

53.5 

59.0 

70.0 

5.0 

55.6 

58.4 

61.4 

67.1 

These  results  are  plotted  in  Figure  VII-5.  The  abscissa  represents  U-p,  or 
the  insulating  effect.  The  insulation  thickness  is  inversely  proportional 
to  U^,  as  indicated  by  the  relationship  Uj[  <*  (k^/xf).  At  a value  of  ■ 
0.20,  corresponding  to  about  3-3/8  inches  of  insulation,  the  heat  exchanger 
required  is  small,  but  the  insulation  occupies  so  much  space  that  the  total 
volume  is  large,  indicating  that  too  much  insulation  is  being  used.  As  the 
insulation  thickness  is  reduced,  the  size  of  the  heat  exchanger  increases, 
but  not  very  rapidly.  This  gives  a point  of  minimum  volume  requirements, 
•with  a very  slow  increase  in  the  direction  of  less  insulation.  The  minimum 
point  represents  an  optimum  design  condition,  and  corresponds  to  greater 
insulation  thicknesses  for  smaller  values  of  relative  use  factor.  This  in- 
dicates that  if  peripheral  space  cannot  be  -used  for  equipment,  it  is  profit- 
able to  utilize  it  far  thick  insulation. 

If  for  the  design  example  it  is  assumed  that  the  F » 0.12,  Figure 
VII-5  indicates  that  the  optimum  design  would  have  compartment  insulation 
with  Up  « 1.1  Btu/hr-ft^-°R.  By  plotting  the  values  of  qo  versus  Ui  as 
determined  earlier,  it  is  found  that  at  optimum  design  conditions  the  value 
of  qQ  is  about  343  Btu/hr-ft^  When  this  value  is  used  in  the  heat  ex- 
changer design  procedure,  the  following  values  are  determined. 

Qa  - 895  ft3/hr 

x - 0.806  ft 

n ■ l6.11 

This  heat  exchanger  design  is  next  used  together  with  the  compartment  con- 
ditions given  at  the  beginning  of  the  example  to  make  an  evaluation  of 
equipment  temperature  rise.  The  calculation  method  of  the  Appendix  to  this 
Section  is  used  for  this.  The  result  of  this  calculation  is  shown  in  Fig- 
ure VII-6.  Whereas  the  original  design  specifications  required  that  Te 
would  not  exceed  757°R  in  100  minutes  of  flight  time,  the  actual  evaluation 
indicates  that  the  temperature  at  the  end  of  the  flight  would  be  754°R« 

The  difference  is  small  and  certainly  within  the  accuracy  of  the  analytical 
evaluation  methods  used.  It  should  be  pointed  out  that  the  determined  opti- 
mum value  of  Uj[  ■ 1.1  corresponds  to  insulation  properties  at  the  design 
temperature  conditions.  Since  the  thermal  conductivity  of  rock  wool  insula- 
tion increases  with  temperature,  the  value  of  must  be  reduced  a little  in 
order  to  use  it  in  the  evaluation  procedure  of  the  Appendix.  As  defined  for 
that  procedure,  Uj_  is  assigned  a value  corresponding  to  the  temperature  con- 
ditions at  the  start  of  the  calculation.  The  adjustment  can  readily  be  made 
by  estimate.  For  the  design  example  the  value  was  reduced  to  ■ 1.0. 
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Figure  VII- 5 

Evaluation  of  Volume  Requirements  for  the 
Beat  Exchanger  and  Compartment  Insulation 
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Calculated  Performance  Verification 
of  Heat  Exchanger  Design 


It  is  conceivable  that  in  some  design  problems  the  nature  of  conditions 
■would  be  appreciably  different  from  the  design  example.  For  instance,  the 
allowable  difference  between  the  terminal  fuel  temperature  and  the  terminal 
equipment  temperature  could  be  so  large  that  even  at  the  end  point  the  rate 
of  temperature  rise  of  the  equipment  would  be  appreciably  greater  than  that 
of  the  fuel.  In  such  a case  the  design  procedure  given  would  not  give  re~ 
suits  so  close  to  the  design  specifications  on  the  first  try.  The  procedure 
for  evaluating  the  equipment  temperature  rise  can  be  repeated  however, 
making  small  changes  in  the  insulating  effect  or  the  heat  exchanger  to 
modify  the  results  in  the  desired  direction. 

The  example  as  given  thus  far  has  been  concerned  only  with  determining 
the  optimum  design  from  the  standpoint  of  the  minimum  space  requirements  of 
the  heat  exchanger  and  insulation.  It  is  also  worthwhile  to  consider  the 
design  from  the  standpoint  of  the  total  weight  requirements.  To  do  this, 
it  is  assumed  that  the  heat  exchanger  is  made  of  aluminum  alloy  having  a 
density  of  0.10  lb/in^,  and  that  the  tube  -wall  thickness  is  0.05  in.  The 
weight  per  tube  is  then 

| (07302  - 07552)  x 9.7  x 0.1  - 0.0382  lb 

The  tube  bundle  weight  is  then 

Wj.  « O.O382  n* 

where  n‘  is  the  number  of  tubes  required  for  all  the  skin  area  of  the  com- 
partment. TIThere  the  total  skin  area  is  A^,  this  is  given  ty 

n'  « n 

It  is  next  assumed  that  the  shell  of  the  heat  exchanger  is  0.25  in.  thick. 
Then  the  shell  size  is  estimated  as  follows.  Each  tube  in  the  bundle  re- 
quires 0.1755  in^  of  sheet  area,  so  the  total  end  area  is  0.1755  n’ • Then 
for  a round  exchanger 

nDs2 

-jj2-  - 0.1755  n» 

or  

Ds  - /0.2238  n> 

The  shell  weight  is  therefore  given  by 

ws  - JiDs  x 9f7  x 0.25  x 0.1 
or 

ws  * O.763  Dg 

The  tube  sheets  of  the  exchanger  are  evaluated  next.  Assuming  a sheet 
thickness  of  0.25  in,  the  net  area  of  the  tube  sheet  for  each  tube  is 
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0.1755  - jj  (0.3)2  - 0.101)7  in2 

Therefore  the  weight  of  the  two  end  sheets  is  given  by 

Wgk  » 0.1047  nT  x 0.25  x 2 x 0.1 


or 

irsh  - 0.00525  n* 


Since  the  heat  exchanger  is  probably  filled  with  fuel  at  the  end  of  a 
flight,  the  weight  of  this  fuel  crust  also  be  considered.  The  fuel  tempera- 
ture at  the  end  of  the  flight  is  632°R,  corresponding  to  a density  of  45.9 
lb/ft-3.  The  weight  is  therefore 


or 


wf 


0.1047  nf  x 9.7 


x 45.9 


w^  ■ 0.027  n* 


To  the  total  of  all  weights  as  determined  above  is  added  two  pounds  as  an 
allowance  for  fittings,  end  flanges,  and  the  like.  The  total  weight  of  the 
heat  exchanger  is  then  given  by 

"tot  “ wt  + "s  + wp  + wf  + 2 

Based  on  a two-foot  diameter  centerbody  compartment,  five  feet  long, 
with  skin  area  only  on  the  cylindrical  portion  of  the  surface,  the  weights 
of  the  heat  exchanger  designs  determined  earlier  are: 


ui 

^tot 

0.2 

30.2 

0.6 

38.8 

1.0 

44.7 

2.0 

53.3 

5.0 

64.6 

The  insulation  weight  requirements  are  determined  next,  assuming  that 
the  rock  wool  insulation  used  is  of  the  batt  type,  having  a density  of  12 
lb/ft^.  For  the  insulation  thicknesses  determined  earlier,  this  gives 


ui 

wi 

0.2 

105.5 

0.6 

37.2 

1.0 

23.0 

2.0 

12.0 

5.0 

6.3 
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where  the  insulation  weights  are  based  on  the  same  centerbody  compartment 
size  as  were  the  heat  exchanger  weights.  The  results  of  these  weight  cal- 
culations are  shown  in  Figure  VII-?.  An  optimum  design  from  the  standpoint 
of  weight  exists  when  Ui  is  1.8  B tu/hr -f t^ -°R  as  based  on  the  design  tem- 
perature conditions.  However , reducing  Uj_  to  1.1,  the  point  where  optimum 
space  requirements  exist,  introduces  a negligible  weight  penalty,  thus 
justifying  the  design  based  on  optimum  space  requirements. 

In  the  example  given,  the  weight  requirements  and  the  space  require- 
ments of  the  blower  and  its  drive  motor  have  been  neglected,  since  they  are 
small  compared  to  the  other  factors  involved. 


2.  General  Design  Procedure  for  a Heat  Exchanger 

The  preceding  design  example  is  based  on  the  case  of  a tubular- 
type  air-to-liquid  heat  exchanger,  where  the  air  is  forced  through  the 
tubes  and  the  liquid  surrounds  the  tubes.  It  is  possible  to  give  a design 
procedure  which  is  more  generally  applicable,  and  which  is  based  on  graphi- 
cal data  in  the  form  commonly  determined  for  heat  exchanger  cores.  The 
procedure  as  given  here  assumes  that  a plot  is  available  showing  both  the 
Darcy  friction  factor  and  the  heat  transfer  coefficient  as  functions  of  the 
Reynolds  number.  Reference  VII-2  reports  data  on  a large  number  of  heat 
exchanger  cores  in  a manner  similar  to  this,  except  that  the  Fanning  friction 
factor  is  used.  The  Darcy  friction  factor  is  simply  four  times  as  great  as 
the  Fanning  friction  factor. 

Assigned  Data 

flight  time,  » hr 

maximum  allowable  equipment  temperature,  Te{j  ■ °R 
heat  generation  rate,  qg  ■ Btu/hr-ft^ 

equipment  thermal  capacity,  nigCg  ■ Btu/°R-ft^ 

skin  temperature,  T^  * °R 
skin  insulation,  Uj_  ■ Btu/hr-ft^-°R 

compartment  air  pressure,  S ■ 

ratio  of  free  convection  to  radiation  heat  transfer  area,  R ■ 
ratio  of  blower  motor  power  to  heat  exchanger  capacity,  a ■ 
heat  exchanger  effectiveness,  crH  ■ 
equipment  effectiveness,  ae  ■ 
time-temperature  schedule  of  the  liquid  coolant 
core  hydraulic  radius,  rh  * ft 

heat  transfer  area  per  unit  frontal  area  and  per  unit 
length,  A ■ ft^ 

free  flow  area  of  core  per  unit  frontal  area,  ■ ft^ 
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Figure  VIi-7 


Evaluation  of  Weights 
aad  Coatpartaent 


of*  Heat  Exchanger 
Insulation 
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1.  Get  Tfd  at  the  end  of  flight  time 


Tf  d " 


°R 


2.  Get  2/2 ) ^ middle  of  the  flight  time 

Tf(l/2) 

3.  Calculate  (Tfd  - Tf(i/2))“ 

k.  Calculate  qge  - (Tfd  - Tfd/2)) 


°R 


5.  Calculate 


qge  ■ Btu/hr-ft^ 


Tern  - (Ted  - Ifd)  . liilMm 


far 


lem 


°R 


6.  Get  using  the  calculation  methods  of  Section  V,  and  using 
the  given  values  of  Ui,  <5  , R,  Tem. 

7.  Calculate  (q^  + Qg  - qse)  - 

8.  Calculate 

(gH  ~ qe> 

+ ^ " 0 


9.  Calculate 


^em  + Tfm 


°R 


10.  Calculate 


Lam 


Tem  * Tfm  _ (Ted  - Tfd^  (°H  ~ °e) 
2 " <2<Ve>  (£  ♦ £ - 1) 


Lam 


°E 


11.  Get  7aJ  cp,  ^ , Er,  and  k at  Taa  as  from  Figure  AI-1.  (Recall 
that  7 a ■ i$y  far  y at  one  atmosphere  pressure  as  given  in  the 
figure.) 


7a  - u>/ft3 

Cp  - Btu/lb-°R 

M ■ Ib/ft-hr 

Er  *» 

k - Btu/hr-ft-°R 
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12 . Calculate 


_ (%  * % “ qse) 

^ (T^5 


qf 


Btu/hr-ft2 


13.  Calculate 


qf  (crH  * CTe  ~ 1) 

"^a  ca  (^ed  “ Tfd^ 


Q.  - ft^/hr 


1U.  Calculate  q * a q^ 


qp" 


Btu/ft2-hr 


15.  Calculate 


****■  - ^^a  cP)  loge(r^;) 


16.  Assume  the  value  of  n 

17 . Calculate 


H' 

hAnx  - 

n ■ 


18.  Calculate 


Re 


„ Qa 

va  • TTC 


T'a  ^a 
M.  ~ 


Va  - ft/hr 


Re  - 

19#  Get  f from  the  chart  of  f versus  Re  for  the  core  being  used. 

f - 

20.  Get  1^  from  the  chart  of  ha  versus  Re  for  the  core  being  used. 
This  may  require  using  Pr,  and  k as  found  earlier. 


^ - Btu/hr-ft2-°R 


21.  Calculate  An  * 

22 . Calculate 
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(See  step  15.) 


hu  Anx 

X * r- r 

X ■ ft 


23.  Calculate 


fx 


+ K - 


where  K is  an  appropriate  allowance  for  entrance  and  exit  losses 
in  the  heat  exchsuiger  core. 


2k • Calculate 


n 


fc  Ta  «a3 


2g  i 778  qp  (A,.)2'  h ' 


n 


where  the  factor  I4  allows  for  an  over-all  blower-motor  efficiency 
of  25  percent e 

It  is  now  necessary  to  repeat  from  step  16  onward  until  the  assumed 
and  calculated  values  of  n agree.  The  calculated  result  may  be  used  as  the 
assumed  value  in  the  next  trial,  unless  computing  experience  makes  it  pos- 
sible to  assume  a more  accurate  value. 


APPENDIX  TO  SECTION  VII 

1.  Calculations  for  Temperature  Rise  of  Equipment  in  a Compartment 
with  an  Alr-to-Fuel  Heat  Exchanger 

A calculation  procedure  is  given  here  for  the  stepwise  evaluation 
of  equipment  temperature  rise  in  a compartment  cooled  by  a fuel  to  air  heat 
exchanger.  The  procedure  form  includes  a sample  interval  calculation.  This 
sample  calculation  is  based  on  an  earlier  calculation  of  the  external  heat 
load  qQ,  using  the  method  described  in  the  design  portion  of  Section  V.  Re- 
sults of  this  earlier  calculation  are  used  to  construct  the  q*,  versus  Te 
plot  given  in  Figure  VII -9. 

Given  Data 

x - 0.825  ft 
n - 12 
D - 0.0167  ft 
Qa  « 690  ft3/br 

Q 

Va  - — — g . 263,800  ft/hr 

U 130 
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ae  ■ o,$ 

S « 1 atmosphere 

qg  * 150  watts/ft^  ■ 5ll  Btu/hr-ft2 

ffigCg  - 2 Btu/°R-ft2 

Ui  - 1 Btu/br-ft2-°R 

e±  m 0.10,  £e  - 0.20 

T*  - 1355°B 

Tel  - U60°R 

Fuel  temperatures  from  Figure  AIII-9  where  ■ $.0  Btu/hr-ft2-°R 


1.  Select  A x 

2.  Assume  Te2  and  calculate 

^em  * 


a x ■ 0.0834  hr 


(Tel  ♦ *e2> 


Teg  - 500°R 

V - U8o°r 

3.  Get  T^jjj  at  middle  of  at  from  Figure  AIII-9 

- 466°R 

4.  Using  aH  from  previous  interval,  calculate 

T - T ^em  - Tfm^ 

0 \<th  CTC  ) 


Tai  - U80- 


■ 1 - 1 : - U69°e 

°-5  (vzm + to  ' x) 


5.  Using  aH  from  previous  interval,  calculate 


■•ao 


Tao  * ^Tem  " Tai^  (aH)  + Tfm 

^(tOTb)*1*66  - 


6 . Calculate 


am 


(Tai  + Tao) 


T^  ■ U71.8°R 
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7.  Get  7a  and  cp  for  air  at  from  Figure  Al-1  where  >a  - S 7 . 

7a  - 0.08U8  lb/ft3 
cp  - 0.2392  Btu/Xb-°R 

8 . Calculate 

Qa  7a  cd  (Tem  — Tfm) 

qf  " — l.'7'Z — I — 

°H  CTe 

qf  . , 77>2 

OTB  + (H5‘  1 

9.  Get  H at  Tfltn  from  Figure  VII-8. 

H - 13.10 

10.  Calculate  hj  ■ Hx  10" ^ ( S Va)0,8 


ha  - 

13.1  x 10"k  x 21700  » 

28 .U  Btu/hr-ft2-°R 

11. 

Calculate 

ha  riDnx 
*^a  7a  cp 

1.052 

12. 

Calculate 

l^nDnx 

cxH  « 1 - (e) 

^aYacp 

CTjj  * 1 — 0.3U8 

*»  0.652 

13. 

Using  result  of  step  12,  calculate 

cp  ^em  " ^fm^ 

*£  - l-7-r 

— 1 

ctH  CTe 

*•  A 

qf 

lU  X ll| 

“■  1 . 1 t 

. 77.3  Btu/hr-ft2 

o2>  " 1 

This  result  should  agree  within  one  percent  with  the  value  of 
step  8.  If  not,  repeat  from  step  8 onvrard  using  the  result  of 
step  12. 

Ill,  Get  m-  from  Figure  AI-1  at  Tam. 

» 0.0l|05  lb/ft-hr 
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15.  Calculate 


CONFtDENTTAL 


Re 


7a  VaD 


Re 


1 x .081$  x 263,800  x .0167 




9150 


16.  Get  f for  Re  from  Figure  711-10. 


f - 0.0312 


17 . Calculate 


Qa7a  7a2  / - rx  \ 

1621  x 108  ^ D ' 

25  x 3»0U  ■ 76  Btu/hr-ft2 


18.  Using  from  external  heat  load  calculation  for  Tem,  calculate 

qse  • (q0  + qp  + %)  - qf 
qse  - (454.5  + 76  + 511)  - 77.3  - 964.2  Btu/hr-ft2 

19.  Calculate 

. / qse  x 

aTe  • ( v;) 

jie  - — x 0.083I1  - to.i°R 

20.  Calculate  Te2  - Tel  + ATe 

Te2  - 460  + ljO.l  » 500.1°R 


This  should  agree  -within  2 or  3°R  of  the  assumed  value  in  step  2.  If 
not,  the  interval  calculation  must  be  repeated,  using  the  calculated  value 
as  the  assumed  Te2  of  the  next  trial. 

It  should  be  observed  that  the  computer  can  usually  notice  the  trend 
of  values  of  o-^  after  working  several  intervals.  It  is  therefore  possible 
to  improve  the  accuracy  of  steps  U and  5 by  assuming  a value  of  <7^  in  ac- 
cordance -with  this  trend,  rather  than  using  the  value  from  the  previous 
interval. 


In  order  to  calculate  the  first  time  interval,  it  is  necessary  to 
establish  the  value  of  ctjj  corresponding  to  the  initial  values  of  Te  and  Tf 
This  is  done  by  assuming  a value  of  Tg™  and  calculating  cr^  with  steps  7,  9 
10,  11,  and  12.  Then  steps  li,  5,  and  c>  are  used  to  calculate  and  the 
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process  is  repeated  until  assumed  and  calculated  values  of  agree  within 
2 or  3°R*  at  -which  time  is  substantially  correct.  The  initial  values  of 

Te  and  are  used  in  this  calculation  -without  regard  to  subscripts  as 
given  in  the  numbered  steps. 
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SECTION  VIII 

TEMPERATURE  RISE  OF  EQUIPMENT  MOUNTED  ON  FUEL-COOLED  SURFACES 


by  T.  C.  Taylor  and  Y.  H.  Sun 


One  very  straightforward  method  of  cooling  equipments  consists  of 
mounting  them  directly  to  fuel-cooled  surfaces.  In  this  way  the  heat  gen- 
erated or  received  by  the  equipment  is  provided  with  a direct  path  for  solid 
conduction  heat  transfer  to  the  fuel  coolant.  This  is  the  most  direct  ap- 
plication of  the  coolant  that  can  be  achieved  short  of  actually  immersing 
the  equipment  in  the  coolant,  and  therefore  makes  it  possible  to  hold  the 
cooled  equipments  to  a temperature  only  a little  above  the  available  coolant 
temperature,,  In  addition  to  this  primary  advantage  from  the  standpoint  of 
cooling  performances  this  cooling  method  possesses  physical  advantages.  The 
most  obvious  is  that  it  uses  a coolant  which  is  already  available  on  any 
aircraft  using  liquid  fuel.  In  additions  it  does  not  require  the  use  of 
secondary  coolants  or  their  attendant  ductwork  and  circulating  pumps  or 
blowers.  The  equipment  is  therefore  unencumbered  by  enclosures  for  a sec- 
ondary coolant.  This  is  particularly  important  for  mechanical  equipments 
which  act  on  other  fairly  distant  equipments  through  moving  linkages. 

Possible  disadvantages  of  this  cooling  method  are  the  pressure  drop 
required  to  circulate  the  fuel  through  the  passages  which  cool  the  mounting 
surface,  and  the  temperature  rise  resulting  from  heat  addition  to  the  fuel. 
The  first  of  these  may  not  be  objectionable  since  cooling  plates  of  high 
capacity  can  often  be  designed  to  operate  with  quite  small  pressure  drop. 

The  second  disadvantage  does  not  apply  if  fuel  is  available  in  sufficient 
quantity  at  temperatures  a little  below  the  maximum  allowed  for  proper 
functioning  of  the  power  plant.  Another  possible  disadvantage  is  the  re- 
quirement of  this  cooling  method  that  the  cooled  components  be  designed  to 
give  good  heat  conduction  from  all  of  their  parts  to  the  surfaces  in  con- 
tact with  the  cooling  plate,  or  mounting  surface.  For  mechanical  equip- 
ments this  need  present  no  problem  and  may  not  require  re-design.  For  com- 
ponents which  are  assemblies  of  smaller  heat-generating  bodies,  such  as 
electronic  components,  special  design  is  probably  required  if  adequate 
cooling  is  to  be  achieved  by  this  method.  Therefore,  this  cooling  method 
may  not  be  suited  to  existing  equipments. 

In  this  Section  the  two  possible  types  of  fuel  flow,  laminar  and  tur- 
bulent , are  considered  in  their  application  to  the  problem  of  cooling 
equipment  mounting  surfaces.  With  a modification  in  the  method  of  deter- 
mining the  external  heat  load  to  the  mounted  equipment,  fuel-cooled  surfaces 
can  be  considered  either  as  a method  for  cooling  individual  critical  equip- 
ment components  or  as  a method  for  cooling  all  of  the  equipment  in  a com- 
partment. 
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SUMMARY 


The  use  of  fuel-cooled  mounting  surfaces  for  equipment  is  considered. 

It  is  assumed  that  the  equipment  items  are  attached  to  the  fuel-cooled  sur- 
face in  a manner  which  gives  high  thermal  conductance  between  the  equipment 
and  the  surface,  so  that  they  may  be  considered  to  be  substantially  at  the 
same  temperature.  The  external  heat  load  to  the  cooled  equipment  is  assumed 
to  consist  entirely  of  free  convection  and  radiation  from  the  environment 
within  the  compartment.  In  addition  to  the  external  load  the  equipment  it- 
self may  generate  heat.  The  fuel-cooled  surface  is  assumed  to  have  internal 
passages  for  flow  of  the  fuel.  Two  fundamentally  different  passage  types 
and  flow  conditions  are  considered.  In  the  first,  a single,  serpentine  pas- 
sage winds  back  and  forth  through  the  plate,  and  the  fuel  flow  rate  is  great 
enough  to  give  turbulent  flow  conditions.  In  the  second,  a number  of 
straight,  parallel  passages  are  provided,  with  the  flow  rate  per  passage 
small  enough  to  give  laminar  flow  conditions. 

Methods  are  given  for  calculating  the  external  heat  load  to  equipment 
mounted  on  a fuel-cooled  surface  in  two  iypes  of  application.  In  the  first, 
all  of  the  equipment  of  the  compartment  is  cooled  by  this  means,  and  the 
external  heat  load  to  the  equipment  can  be  expressed  as  a function  of  the 
temperature  of  the  cooled  equipment.  In  the  second,  only  a small  portion 
of  the  equipment  is  cooled  by  means  of  the  fuel-cooled  surface,  with  the 
remaining  equipments  uncooled.  The  environmental  temperatures  of  the  com- 
partment are  therefore  determined  by  the  uncooled  equipment,  and  the  exter- 
nal heat  load  to  the  cooled  equipment  is  a function  of  both  these  tempera- 
tures and  that  of  the  cooled  equipment  itself. 

Equations  are  developed  which  describe  the  heat  transfer  between  the 
fuel-cooled  plate  and  the  fuel  in  the  internal  passages  of  the  plate.  The 
equations  are  somewhat  different  in  detail  for  the  two  types  of  fuel  pas- 
sages, because  of  the  fundamentally  different  flow  situations.  Only  fuel 
passages  of  circular  cross-section  are  considered.  Equations  are  also  de- 
veloped far  calculating  the  fuel  pressure  drop  requirements  of  the  two 
types  of  cooling  plate.  The  heat  transfer  and  pressure  drop  equations  are 
arranged  in  the  form  of  calculation  procedures  which  can  be  used  to  deter- 
mine the  significant  design  features  required  in  the  fuel  passages  to  meet 
an  assigned  set  of  operating  specifications.  The  design  of  the  cooling 
plate  itself  depends  on  knowing  the  cooling  capacity  required,  the  tempera- 
ture rise  which  can  be  tolerated  in  the  available  coolant,  the  desired 
logarithmic  mean  temperature  difference  between  the  coolant  and  the  equip- 
ment it  cools,  the  allowable  fuel  pressure  drop,  and  the  general  size  and 
shape  of  plate  required.  By  a suitable  determination  of  the  cooling  capacity 
for  the  design,  it  may  apply  to  transient  operation. 

A design  example  is  given,  in  which  all  of  the  equipment  in  a compart- 
ment is  cooled  with  a cooling  plate,  and  in  which  the  available  coolant 
temperature  varies  with  time.  It  is  shown  that  a design  method  in  which 
the  heat  storage  rate  (due  to  thermal  capacity  of  the  equipment  and  the 
cooling  plate)  is  subtracted  from  the  total  heat  load  for  determining  the 
required  cooling  capacity  leads  to  a prediction  of  transient  performance. 

A procedure  for  calculating  this  transient  performance  is  given. 
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Two  sets  of  charts  are  provided  which  permit  designing  either  of  the 
two  cooling  plate  types  without  recourse  to  the  detailed  calculation  pro- 
cedure. These  charts  give  a graphical  solution  based  on  the  use  of  JP-3 
fuel  as  the  coolant.  In  the  case  of  the  serpentine-passage  plate,  the 
charts  give  an  approximate  design  which  is  conservative  in  that  it  provides 
a somewhat  smaller  value  of  temperature  difference  between  the  equipment 
and  the  coolant  than  that  designed  for.  The  conservative  feature  results 
from  some  analytical  simplifications  which  are  required  to  put  the  equa- 
tions for  this  case  in  graphical  form.  In  the  case  of  the  parallel-passage 
plate,  the  charts  are  an  exact  graphical  representation  of  the  heat  transfer 
equations. 

A number  of  calculatio  ns  are  made  with  the  heat  transfer  equations  to 
demonstrate  the  characteristics  of  cooling  plate  designs.  Significant 
findings  are  summarized  as  follows. 

1.  A serpentine-passage  cooling  plate  of  fixed  physical  dimensions 
and  operating  on  a fixed  temperature  rise  of  the  fuel  can  provide 
various  cooling  capacities  for  corresponding  fuel  flow  rates.  As 
the  cooling  capacity  is  increased,  however,  the  logarithmic  mean 
temperature  difference  between  the  plate  and  the  fuel  increases, 
so  that  the  cooled  equipment  operates  at  a higher  temperature  with 
respect  to  the  coolant. 

2.  For  a serpentine-passage  plate  of  fixed  cooling  capacity  and  fuel 
flow  rate,  the  pressure  drop  of  the  fuel  and  the  plate  thickness 
are  conflicting  factors,  since  a reduction  of  pressure  drop  cannot 
be  achieved  without  increasing  the  fuel-passage  diameter.  Further- 
more, any  reduction  of  pressure  drop  requires  an  increase  in  the 
temperature  difference  between  the  equipment  and  the  coolant. 

3.  A serpentine-passage  cooling  plate  of  fixed  physical  dimensions 
and  fixed  cooling  capacity  can  operate  with  various  fuel  flow  rates 
and  corresponding  fuel  temperature  rises.  As  the  flow  rate  is  de- 
creased, however,  the  pressure  drop  of  the  fuel  is  reduced  and  the 
temperature  difference  between  the  plate  and  the  coolant  is  in?- 
creased.  This  temperature  difference  can  be  maintained  constant 
for  an  increased  fuel  temperature  rise  (reduced  flow  rate)  only  by 
reducing  the  passage  diamster,  which  gives  an  increase  of  fuel 
pressure  drop. 

4.  A serpentine-passage  cooling  plate  can  be  designed  for  fixed 
cooling  capacity,  fuel  f}.ow  rate,  fuel  temperature  rise,  and  tem- 
perature difference  between  the  plate  and  the  coolant,  with  wide 
latitude  in  the  fuel  pressure  drop  requirements.  However,  lower 
pressure  drop  requires  an  increased  number  of  passage  bends  and  a 
larger  passage  diameter.  The  latter,  in  turn,  requires  a thicker 
plate. 

5.  The  heat  transfer  processes  in  a parallel-passage  cooling  plate 
are  not  affected  by  the  fuel-passage  diameter  so  long  as  the  fuel 
flow  is  laminar.  Thus  passages  of  very  small  diameter  may  be  used 
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so  long  as  the  resulting  fuel  pressure  drop  is  not  objectionable. 

6.  A parallel-passage  cooling  plate  of  fixed  fuel  temperature  rise  and 
fixed  number  of  fuel  passages  can  provide  a range  of  cooling  ca- 
pacities for  corresponding  fuel  flow  rates.  As  the  cooling  ca- 
pacity is  increased,  however,  the  pressure  drop  and  the  temperature 
difference  between  the  plate  and  the  coolant  increase.  The  pres- 
sure drop  and  the  temperature  difference  can  be  held  constant  if 
the  number  of  cooling  passages  is  changed  in  direct  proportion  to 

a change  in  cooling  capacity. 

7.  For  a given  set  of  design  conditions,  the  parallel-passage  cooling 
plate  requires  a rather  large  number  of  fuel  passages  for  small 
temperature  differences  between  the  plate  and  the  coolant.  There- 
fore where  the  plate  must  be  maintained  at  temperatures  close  to 
the  coolant,  it  is  advisable  to  use  a serpentine-passage  cooling 
plate.  For  example,  a particular  parallel-passage  design  for  a 
temperature  difference  of  20°F  between  plate  and  coolant  with  a 
cooling  capacity  of  2555  Btu/hr  requires  over  50  passages.  For 
the  same  capacity  and  a temperature  difference  of  10°F,  the  passage 
number  required  is  150.  The  numbers  involved  are  proportionately 
greater  at  higher  cooling  capacities.  Large  numbers  of  passages 
such  as  these  would  be  likely  to  give  manufacturing  difficulties. 

8.  A parallel-passage  plate  with  a fixed  number  of  fuel  passages  and 
a fixed  cooling  capacity  can  be  used  with  a range  of  fuel  flow 
rates  and  corresponding  values  of  temperature  rise  of  the  fuel. 

As  the  flow  rate  is  reduced,  the  pressure  drop  is  reduced  and  the 
temperature  difference  between  the  plate  and  the  coolant  is  in- 
creased. The  temperature  difference  can  be  held  constant  with  de- 
creasing fuel  flow  rate  only  by  increasing  the  number  of  fuel  pas- 
sages. 

9.  Both  types  of  cooling  plate  are  effective  cooling  methods  in  that 
they  supply  a cooling  effect  with  an  unusually  small  temperature 
potential  required  between  the  cooled  equipment  and  the  coolant. 

For  very  small  temperature  potentials,  the  serpentine-passage 
plate  is  preferred,  since  the  parallel-passage  type  requires  a very 
large  number  of  passages.  The  parallel-passage  plate,  on  the  other 
hand,  possesses  an  advantage  of  smaller  size  when  designs  of  lower 
cooling  capacity  are  considered.  For  example,  in  one  design  ex- 
ample for  a plate  of  2555  Btu/hr  cooling  capacity,  a parallel-pas- 
sage plate  having  a total  thickness  of  about  0.1875  in.  is  satis- 
factory, while  a serpentine-passage  plate  for  the  same  job  would 
be  about  0.925  in.  thick  and  weigh  correspondingly  more.  In  both 
cases  the  fuel  pressure  drop  is  very  small,  being  of  the  order  of 
0.2  lb/in2  for  the  parallel-passage  plate  and  even  less  for  the 
other.  In  general  the  parallel-passage  plate  required  more  pas- 
sages and  greater  thickness  for  higher  cooling  capacities,  while 
the  thickness  requirements  of  serpentine-passage  plates  are  re- 
duced at  higher  cooling  capacities. 
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ANALYSIS 


1. 


Assumptions  for  Analysis 


A typical  example  of  the  use  of  a fuel-cooled  surface  to  cool 
equipment  located  in  an  aircraft  compartment  is  shown  schematically  in  Fig- 
ure VTII-1.  The  compartment  shown  is  cylindrical  in  shape,  although  the 
analysis  is  suited  to  any  shape  of  the  compartment.  In  the  example  of  the 
figure,  all  of  the  equipment  items  are  shown  mounted  on  the  cooled  surface, 
although  this  need  not  be  the  case,  since  in  many  applications  only  a few- 
critical  items  may  need  cooling.  The  fuel-cooled  plate  shown  is  assumed  to 
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Figure  VTII-1.  Schematic  of  Compartment  -with 
Equipment  Mounted  on  a Fuel-Cooled  Surface 

have  internal  passages  for  the  fuel,  and  the  passages  may  either  convey  the 
entire  throughput  of  the  fuel  line  or  simply  be  arranged  in  a parallel 
branch  to  the  fuel  line.  The  selection  of  flow  arrangement  depends  on  the 
cooling  capacity  required  ty  the  equipment. 

It  is  assumed  that  the  equipments  shown  are  mounted  to  the  plate  in 
a manner  which  gives  very  good  thermal  contact.  If  shock-mounting  of  the 
equipment  is  required,  the  entire  cooling  plate  should  be  shock  mounted, 
so  that  the  equipments  may  be  directly  mounted  to  the  plate.  This  would 
require  flexible  fuel  connections  for  inlet  and  outlet.  It  is  also  assumed 
that  the  equipment  components  are  designed  so  as  to  give  good  heat  con- 
duction from  all  of  their  parts  to  their  surfaces  in  contact  with  the 
cooling  plate.  Components  such  as  electronic  assemblies  should  therefore 
be  modified  in  design  to  give  this  effect.  If  not,  this  cooling  method 
loses  some  of  its  effectiveness  due  to  a temperature  potential  required  to 
transfer  heat  through  the  parts  of  the  component  to  the  plate.  Although 
some  temperature  difference  between  parts  of  the  component  and  the  plate 
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is  always  required  for  cooling  to  occur,  the  difference  can  be  made  neg- 
ligibly small  by  means  of  proper  construction.  It  is  therefore  assumed  that 
the  equipment  is  at  substantially  the  same  temperature  as  the  plate.  This 
temperature  is  used  both  in  describing  heat  transfer  from  the  plate  to  the 
fuel  in  it,  and  in  describing  the  external  heat  load  to  the  equipment. 

The  external  heat  load  is  assumed  to  consist  entirely  of  free  convec- 
tion and  radiation.  The  equipment  receives  heat  from  the  compartment  air 
by  free  convection,  and  from  the  skin  insulation  by  radiation.  The  sum  of 
these  two  is  the  external  heat  load.  In  addition,  the  equipment  may  gen- 
erate heat. 

The  assumptions  given  are  sufficient  to  describe  the  heat  transfer 
processes  in  the  compartment  from  the  surface  of  the  cooling  plate  outward. 
In  addition  to  these,  certain  assumptions  are  required  to  analyze  the  heat 
transfer  process  between  the  plate  and  the  fuel  in  its  internal  passages. 

The  nature  of  the  analysis  for  this  process  differs  for  the  two  types  of 
flow  passages  considered.  Certain  other  assumptions  and  system  descriptions 
are  therefore  given  with  the  derivation  of  equations  for  each  case . The 
first  case  considered  is  that  in  which  the  cooling  plate  is  equipped  with 
a single  internal  fuel  passage  which  winds  back  and  forth  in  serpentine 
fashion,  and  in  which  the  fuel  flow  is  turbulent.  The  second  case  is  that 
in  liiich  a number  of  straight-through,  parallel  passages  are  used,  with 
laminar  flow  of  the  fuel  in  them.  The  two  types  of  plate  can  be  used  to  do 
the  same  job  in  many  instances,  although  they  have  dimensional  and  pressure- 
drop  characteristics  which  differ. 


2.  Nomenclature 
Symbol 


A 

a1 

c 

cp 

D 

f 

g 

h 

h* 


Definition 


Area 


Convection  group,  defined  for  equation 
(VIII-2) 

Specific  heat 

Specific  heat  at  constant  pressure 

Diameter 

Friction  factor 

O 

Gravitational  constant  ® i*.  17x10° 

Heat  transfer  coefficient  for  flow 
through  straight  tube 

Average  heat  transfer  coefficient 


Units 


ft£ 


Btu/lb-°E 

Btu/lb-°R 

ft 

dimensionless 

ft/hr2 

Btu/hr-ft2-°R 

Btu/hr-ft2-°R 
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Symbol 

Definition 

Units 

K 

Pressure  loss  coefficient  for  bends,  defined 
by  equation  (VIII-7) 

dimensionless 

k 

Thermal  conductivity 

Btu/hr-ft-°R 

L 

Characteristic  length  for  free  convection 

ft 

M 

Weight 

lb 

M» 

A group  used  in  Figures  VUI-lOa  and  -10b 

m 

Weight  on  unit  skin  area  basis 

lb/ft2 

N 

A group  used  in  the  transient  calculation 
procedure.  Part  2 of  the  Appendix  to  this 
Section 

n 

Number  of  straight  runs  in  serpentine-passage 
plate  or  number  of  passages  in  parallel- 
passage  plate 

dimensionless 

P 

Pressure 

lb/ft2 

Pr 

Prandtl  modulus 

dimensionless 

P 

Pressure 

lb/in2 

Q 

Flow  rate 

ft 3/hr 

q 

Heat  flux 

Btu/br-ft2 

q’ 

Heat  transfer  rate 

Btu/hr 

R 

Ratio  of  free  convection  to  radiation  sur- 
face area 

dimensionless 

*b 

Bend  radius 

ft 

Re 

Reynolds  modulus 

dimensionless 

r 

Cooling  plate  dimension 

ft 

s 

Cooling  plate  dimension 

ft 

T 

Absolute  temperature 

°R 

U 

Insulation  conductance 

Btu/hr-ft2-°R 

V 

Velocity 

ft/hr 

W 

Weight  flow  rate 

lb/hr 
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Symbol 

ir 

x 

~1 

h 

€ 

9 

M- 

T 

T* 

SUBSCRIPTS 

a 

b 

c 

e 

f 

fe 

fo 

fin 

g 

i 

it 

lm 

m 
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Definition 

Cooling  plate  dimension 
Length 

Weight  density 
Pressure 

Emissivity 

Temperature  difference 

Viscosity 

Time 

Time 

A factor  for  heat  transfer  coefficients 
in  curved  tubes 


Units 

ft 

ft 

lb/ft3 

atmospheres 

(dimensionless) 

dimensionless 

°F 

lb/ft-hr 

hr 

min 

dimensionless 


Denotes  air  in  compartment 

Denotes  bend  in  fuel  passage 

Denotes  convection  value 

Denotes  equipment 

Denotes  fuel  or  coolant 

Denotes  entrance  temperature  of  fuel 

Denotes  outlet  temperature  of  fuel 

Denotes  average  of  inlet  and  outlet  temperatures 

Denotes  generated  value 

Denotes  insulation 

Denotes  insulation  on  fuel  tank 

Denotes  logarithmic  mean  value  of  0 

Denotes  average  value 


3U2 

^-CONFIDENTIAL 


WADC-TB  55-llU 


Subscripts  (continued) 
Symbol 


o Denotes  external  value 

r Denotes  radiation  value 

s Denotes  value  at  surface  of  fuel  passage 

w Denotes  skin 

1,2  Denote  initial  and  final  values  far  a time 

interval,  respectively. 


3.  Derivation  of  Equations 


a.  External  Heat  Load 


The  external  heat  load  to  equipment  mounted  on  a fuel-cooled 
surface  must  be  analyzed  in  a manner  -which  is  appropriate  to  the  applica- 
tion. If  all  of  the  equipment  in  a compartment  is  thus  mounted,  the  tem- 
perature of  the  cooled  equipment  plays  an  important  part  in  determining  the 
environmental  temperatures  of  the  compartment.  If  only  a few  equipment 
components  are  cooled  in  this  manner,  the  environmental  temperatures  are 
dominated  by  the  average  temperature  of  the  uncooled  components.  Methods 
for  calculating  the  heat  load  to  the  cooled  equipment  in  each  case  are 
described  here. 

7/hen  all  of  the  equipment  in  a compartment  is  fixed  to  the  fuel  cooled 
surface,  the  temperature  of  all  equipments  is  essential]y  the  same.  This 
temperature  is  therefore  used  in  the  radiation  and  free  convection  heat 
transfer  equations  exactly  as  they  appear  in  Section  V.  Corresponding  to 
each  value  of  equipment  temperature  there  are  values  of  the  insulation  face 
temperature  and  of  the  compartment  air  temperature  which  must  be  determined 
by  a trial  and  error  calculation.  As  in  the  analysis  of  Section  VII,  it  is 
most  convenient  in  a calculation  of  equipment  temperature  rise  to  prepare 
in  advance  a plot  of  values  of  q0  vs.  Te  as  based  on  the  methods  of  Section 
V.  When  performing  this  calculation,  the  surface  areas  of  the  cooled  plate 
which  are  not  covered  by  equipment  must  be  included  in  the  value  of  R, 
since  they  are  heat-receiving  surfaces  just  as  those  of  the  equipment  are. 
Similarly,  the  average  thermal  capacity  of  the  equipment  i%ce  is  interpreted 
to  include  the  thermal  capacity  of  the  cooled  plate  along  with  that  of  the 
equipment. 

When  only  a few  critical  equipment  components  are  mounted  on  a fuel- 
cooled  surface,  the  calculation  of  the  external  heat  load  to  these  cooled 
items  is  somewhat  different.  It  is  assumed  that  the  uncooled  equipments 
in  the  compartment  dominate  the  heat  transfer  processes  between  the  skin 
and  the  equipment.  It  is  therefore  possible  to  analyze  the  heat  transfer 
from  the  skin  to  the  uncooled  equipments  using  the  methods  of  Section  V. 
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By  this  means  the  skin  insulation  temperature  and  the  compartment  air  tem- 
perature can  be  determined.  These  are  plotted  versus  time  and  used  to 
describe  the  environmental  temperatures  for  the  cooled  components. 

With  these  environmental  temperatures  known,  the  radiation  heat  load 
to  the  cooled  components  is  given  by 

- hj.  A*.  (T±  - Te)  (VIII-1) 

•where 


It  is  assumed  in  using  this  equation  that  most  of  the  radiation  heat  trans- 
fer to  the  cooled  equipment  comes  from  the  skin  insulation,  and  radiation 
between  the  cooled  equipment  and  the  uncooled  equipments  is  neglected.  The 
value  of  Ar  for  use  in  equation  ( VIII-1)  should  be  limited  to  those  areas 
of  the  cooled  equipment  and  the  cooling  plate  which  "see"  the  skin  insula- 
tion, and  which  are  essentially  parallel  to  the  insulation.  Areas  which 
are  approximately  perpendicular  to  the  insulation  are  not  very  effective  in 
radiant  heat  transfer.  Areas  of  the  cooled  equipment  or  plate  which  have 
obstructions  between  them  and  the  insulation  are  also  prevented  from  direct 
radiation  and  are  rather  ineffective.  The  above  statements  are  given  as 
general  guides  for  the  estimation  of  Ay. 

The  compartment  air  temperature  is  used  in  computing  the  free  convec- 
tion heat  load  to  the  cooled  equipment  with  the  equation 

li  ■ hcAc(V-T.)  (VIII-2) 

where 


and  where  the  quantity  (a’l/^V  is  evaluated  from  Figure  AIV-3  at  the 

film  temperature  (Ta+Te)/2.  The  value  for  Ac  in  equation  ( VIII-2)  is  the 
area  of  the  cooled  equipment  and  the  cooled  plate  which  is  effective  in  free 
convection  heat  transfer.  In  general,  this  consists  of  the  entire  surface 
of  the  equipment  and  plate  facing  on  the  compartment  air,  except  for  those 
areas  which  are  obstructed  from  free  air  circulation.  Ary  area  which  faces 
on  a gap  formed  by  that  area  and  the  surface  of  another  equipment  where  the 
gap  is  less  than  3/8  in.  wide  may  be  considered  obstructed  in  this  sense. 

If  the  area  faces  such  a narrow  gap  formed  together  with  the  skin  insula- 
tion, the  heat  transfer  to  this  surface  through  the  air  should  be  somewhere 
between  the  value  for  free  convection  and  that  for  gaseous  conduction.  The 
value  for  L,  the  characteristic  length  for  free  convection,  must  be'  esti- 
mated for  the  shap>e  and  size  of  the  cooled  equipment  and  cooling  plate  com- 
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bination.  This  subject  is  discussed  in  some  detail  in  Section  V 


b.  Heat  Transfer  to  the  Fuel  in  a Plate  -with  a Serpentine 
Turbulent-Flow  Passage 

The  general  arrangement  of  passages  in  a fuel  cooled  plate 
of  the  serpentine-passage  type  is  shown  schematically  in  Figure  VIII -2. 
The  passage  is  assumed  to  be  circular  in  cross-section. 


FUEL 

OUT 


Figure  VIII-2 . Schematic  of  a Fuel-Cooled  Plate 
with  a Serpentine  Fuel  Passage 

It  is  assumed  that  the  plate  itself  is  of  metal  and  is  thick  enough 
that  temperature  gradients  are  negligible,  giving  a constant-temperature 
plate  (recall  that  It  was  also  assumed  earlier  that  a construction  is  used 
•which  makes  the  plate  temperature  and  cooled  equipment  temperature  equal). 
Te  is  therefore  taken  as  the  temperature  of  the  plate,  and  the  equation  for 
heat  transfer  between  the  plate  and  the  fuel  is 

^ Af  ®lm  (VIII-3) 


where  Af  is  the  entire  surface  area  inside  of  the  serpentine  fuel  passage, 
and  hf  is  a forced  convection  coefficient  appropriate  to  the  flow  and  tem- 
perature conditions  of  the  fuel.  For  the  assumed  conditions,  the  tempera- 
ture difference  is  given  by 


Of.  - Tfe) 

n _ l Te  Tf ' e \ 

l°ge  ( Tg  _ Tf Q ) 


(viii-L) 
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A suitable  value  of  hf  for  straight  passages  is  given  by  Reference  (VTII-l) 
as 

, Tm  0.8  c ..  0.U 

hf  . 0.023(|)  (US)  (-^)  (viii-5) 

Little  is  known  about  the  effects  of  passage  curvature  on  heat  transfer 
coefficients , so  that  it  is  necessary  to  use  an  approximation  to  alloy;  for 
the  effect  of  the  return  bends.  Jakob  (Ref.  VIII-2)  indicates  that  the 
value  of  hf  for  a straight  tube  should  be  multiplied  by  the  factor 

0 “ 1 + 3,5i*  (Jj) 

to  obtain  the  heat  transfer  coefficient  during  turbulent  flow  in  a curved 
tube.  Using  equation  ( VIII-5),  it  is  apparent  that  the  product  h]Af  of 
(VIII— 3)  is  given  by 

0.023  (|)  + (1+1.77  2-)  (n-l)n2DRbJ 


if  it  is  assumed  that  the  factor  for  curved  tubes  applies  only  to  the 
curved  portions.  Since  the  effect  of  a curved  section  followed  by  a 
straight  run  is  not  the  same  as  that  of  a continuous  curved  section,  this 
is  only  an  approximation. 


Using  the  dimensional  notation  of  Figure  VIII-2  it  is  apparent  that 


and 


Rb  « r/2(n-l) 
x « s - 2Rb 


Substituting  this  expression  for  Rb,  and  combining  and  rearranging  from 
equation  (VIII-3)  onward  gives 


®lm 


' 

hf  ( nnDx  + (^)  n%)  + 1.77(n-l)n^D2] 


(VIII-6) 


Ey  equation  ( VIII-6)  it  is  possible  to  calculate  the  temperature  difference 
Qfjn  for  a cooling  plate  of  given  passage  dimensions  and  fuel  flow  rate, 
when  producing  a cooling  effect  q£.  Because  of  the  relationship  for  hf, 
equation  ( VIII-6)  is  accurate  far  smooth  tubes  of  small  diameter  only  for 
values  of  the  Reynolds  modulus  ( 7VD /u  ) of  about  10,000  and  higher.  It 
can  be  applied  with  decreasing  accuracy  down  to  Re  *»  2 300. 
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c.  Pressure  Drop  of  the  Fuel  in  a Serpentine  Passage 

By  application  of  the  Darcy  equation  for  pipe  friction  pres- 
sure losses,  and  using  the  method  of  accounting  for  bend  pressure  loss 
given  by  Reference  ( VIII-3),  the  pressure  loss  fcr  fuel  flow  through  the 
serpentine  passage  is 


where  the  Darcy  friction  factor  f is  a function  of  the  Reynolds  number 
Re  m ( ivd/m-  ).  The  value  of  far  bends  in  passages  depends  on  the  char- 
acteristic dimensionless  ratio  for  the  bend  (R^/D) . Values  of  Kfo  are  shown 
in  Figure  VIII-12. 


d.  Heat  Transfer  to  the  Fuel  in  a Plate  with  Straight,  Parallel, 
laminar  Flow  Passages  " 

The  general  arrangement  of  passages  in  a fuel-cooled  plate  of 
the  parallel  passage  type  is  shown  schematically  in  Figure  VTII-3.  The 
passages  are  assumed  to  be  circular  in  cross-section. 


Figure  VIII-3.  Schematic  of  a Fuel-Cooled  Plate 
with  Straight,  Parallel  Fuel  Passages 

It  is  again  assumed  that  the  plate  is  at  a constant  temperature.  The 
equation  for  heat  transfer  between  the  plate  and  the  fuel  is  again  given  by 
equation  (VIII-3),  except  that  h£  * hj  for  the  straight  passages.  An  ex- 
pression suitable  for  hf  under  laminar  flow  conditions  is  given  by  Reference 
(VIII-1)  as 
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(VIII-8) 


where  the  Reynolds  modulus  ( ttVD/m  ) must  be  less  than  2300  for  proper  ap- 
plication. However,  the  expression  can  be  used  with  decreasing  accuracy  up 
to  Re  » 10,000.  The  flow  velocity  for  this  case  is  given  by 

U Wf 

V - ±* 

nnTD 

By  using  this  substitution,  combining  and  rearranging  equations  (VIII-3  and 

-8), 

qf 

1.86  k2/3  (Ul^fCp)1/3  (nra)2//3  (VIII-9) 

M-s 

With  equation  ( VII 1-9)  it  is  possible  to  calculate  the  temperature  differ- 
ence Qinj  for  a cooling  plate  of  given  passage  dimensions  and  fuel  flow  rate, 
■when  producing  a cooling  effect  given  by  q£.  It  is  particularly  interesting 
to  note  that  the  equation  does  not  involve  the  passage  diameter,  the  only 
physical  characteristics  of  the  passages  of  importance  being  the  number  of 
passages  and  their  length.  This  makes  it  possible  to  assign  ary  convenient 
diameter  to  the  passages,  permitting  wide  latitude  in  the  plate  thickness 
and  fuel  pressure  drop. 


e.  Pressure  Drop  of  the  Fuel  in  a Straight  Passage 

The  fuel  pressure  drop  may  be  calculated  with  the  Darcy 
equation  as  before.  In  this  case  an  allowance  of  1.5  velocity  heads  is 
made  to  account  for  the  loss  in  pressure  due  to  entering  and  leaving  the 
tubes,  and  flow  in  the  inlet  and  outlet  manifolds. 


AP 


Using  the  expression  for  velocity  developed  earlier,  and  making  use  of  the 
fact  that  for  laminar  flow  f » (6ii/^/qfVD)  the  above  equation  becomes 


AP 


( 


nn  *r  D^g 


) [l28^ix 


♦ “Bl 

nn  > 


(VIII-10) 


f , Heat  Balance  for  Equipment  on  a Fuel-Cooled  Plate 

The  heat  balance  equation  for  equipment  mounted  on  a fuel- 
cooled  surface  is  similar  to  that  used  in  Section  VII  to  describe  equipment 
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cooled  by  a forced  air  system.  In  the  case  of  the  cooling  plate,  however, 
there  is  no  power  term,  since  there  is  no  secondary  coolant.  Another  dif- 
ference is  that  it  is  now  more  convenient  to  write  a heat  balance  equation 
which  applies  for  all  of  the  cooled  equipment,  rather  than  basing  the  equa- 
tion on  a unit  of  skin  area.  The  equation  is  therefore 

qo  + qg  “ * Mec®  ^ (VIII-11) 

and  simply  indicates  that  all  of  the  heat  received  or  generated  by  the 
equipment  is  either  transferred  to  the  cooling  fluid  or  stored  in  the  ther- 
mal capacity  of  the  equipment,  causing  temperature  rise.  As  indicated 
earlier,  q£  is  assumed  to  include  the  external  heat  loads  to  any  part  of  the 
cooling  plate  which  is  not  covered  by  the  cooled  equipment,  and  the  term  Mg 
includes  all  of  the  thermal  capacity  of  both  the  cooled  equipment  and  the 
plate.  If  q0  is  calculated  instead  of  q£,  as  recommended  earlier  for  cases 
where  all  of  the  equipments  in  the  compartment  are  cooled,  it  is  necessary 
to  express  the  result  in  terms  of  q*j,  as 

- %K 

The  expression  used  for  q£  must,  of  course,  correspond  to  the  type  of  pas- 
sages used  in  the  cooling  plate. 


1|.  Calculation  Procedures  for  the  Steady  State  Operation  of  Fuel- 
Cooled  Mounting  Plates 

The  calculation  procedures  described  here  are  used  in  evaluating 
the  steady-state  characteristics  of  fuel-cooled  mounting  plates  of  both  the 
types  described  earlier.  The  calculation  procedure  required  to  evaluate 
the  temperature  rise  of  equipments  mounted  on  fuel-cooled  plates  in  a 
typical  transient  case  is  given  in  the  Appendix  to  this  Section.  The 
emphasis  is  placed  on  steady-state  characteristics  in  the  calculation  pro- 
cedures given  here  for  two  reasons.  First,  the  unique  nature  of  the  fuel- 
cooled  surface  makes  it  necessary  to  develop  an  understanding  of  the  effects 
of  the  principal  design  variables  on  its  steady-state  performance  and  pres- 
sure drop  characteristics.  Second,  the  transient  temperature  rise  charac- 
teristics of  equipment  cooled  by  this  method  are  easily  predicted,  and  are 
very  similar  to  those  noted  foh  equipments  cooled  by  the  method  described 
in  Section  VII. 


a.  Steady-State  Calculation  for  the  Plate  with  a Serpentine 
Passage  and!  Turbulent  Flow 

The  procedure  described  here  is  used  to  calculate  the  princi- 
pal performance  characteristic  of  a fuel-cooled  surface  for  a given  set  of 
plate  dimensions  and  operating  conditions.  For  this  purpose,  the  principal 
performance  characteristic  is  defined  to  be  9]^,  or  the  temperature  poten- 
tial required  for  a given  apparatus  to  accomplish  the  cooling  job  at  hand. 
A.  small  value  of  9im  represents  a very  effective  cooling  plate,  since  it 
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accomplishes  the  given  heat  removal  job  and  at  the  same  time  maintains  the 
equipment  at  very  near  the  average  available  coolant  temperature.  In  other 
words,  the  cooling  apparatus  itself  imposes  little  temperature  barrier  for 
the  transfer  of  heat.  A large  value  of  required  by  another  plate  which 
removes  the  same  amount  of  heat  represents  an  apparatus  which  does  the  job 
at  hand  less  efficiently. 

In  specifying  any  cooling  problem  where  fuel-cooled  plates  are  to  be 
used,  it  is  assumed  that  the  two  principal  dimensions  of  the  plate  are 
known.  The  rectangular  plate  must  be  of  such  size  and  shape  as  to  properly 
accommodate  the  equipments  to  be  fastened  to  it.  It  is  also  assumed  that 
the  available  coolant  temperature  is  known,  and  that  either  the  amount  of 
coolant  (fuel)  that  is  to  be  used  for  this  purpose  or  its  maximum  allowable 
temperature  rise  is  known.  Since  the  cooling  effect  required  consists  of 
the  sum  of  the  external  heat  loads  and  the  generated  heat  load  (for  steady- 
state  only),  the  cooling  effect,  fuel  rate,  and  fuel  temperature  rise  are 
related  by  the  equation 

1}  - 4 - % cP  <Tfo  - Tfe> 

where  the  left-hand  member  is  known,  and  two  of  the  factors  of  the  right- 
hand  member  must  be  known. 

With  all  of  the  above  characteristics  established,  it  is  possible  to 
proceed  with  the  calculation  of  ©^  after  establishing  the  remaining  physi- 
cal characteristics  n and  D.  The  passage  diameter  D may  have  a maximum 
limit  due  to  limitations  on  the  over-all  thickness  of  the  plate,  or  other- 
wise may  be  assumed  for  a first  trial.  The  value  of  n should  be  established 
so  as  to  give  a good  distribution  of  the  cooling  effect  over  all  the  surface 
of  the  plate.  For  a given  cooling  capacity,  large  values  of  n lead  to 
large  passage  diameters,  as  will  be  shown  later. 

The  physical  properties  of  the  fuel  are  next  evaluated  at  (Tfe+Tf0)/2, 
and  a direct  application  of  equation  (VIII-6)  made  to  determine  ©im*  Equa- 
tion (VIII-7)  is  then  applied  to  calculate  the  pressure  drop.  If  the  value 
of  ©ijn  obtained  is  too  large,  the  calculation  may  be  repeated  using  a 
smaller  value  of  D or  a larger  value  of  n,  or  both,  until  a satisfactory 
design  is  achieved.  Either  change  leads  to  a higher  pressure  drop  require- 
ment. A detailed  procedure  and  an  example  calculation  far  this  type  cooling 
plate  are  given  in  the  Appendix  to  this  Section. 


b.  Steady-State  Calculation  for  the  Plate  with  Straight  Parallel 
Passages  and  Laminar  Flow 

The  general  remarks  given  for  calculating  ©^  for  the  ser- 
pentine-passage plate  apply  here  as  well,  except  that  the  passage  diameter 
is  not  a significant  variable.  For  a given  set  of  fuel  temperature  and 
flow  conditions,  and  an  arbitrarily  assigned  value  of  n,  0]^  is  calculated 
directly  from  equation  (VTII-9)  by  taking  (^•/yus)0,^-h  = 1 and  evaluating 
the  fuel  properties  at  (Tfe+Tf0)/2.  If  0]^  is  large,  should  be  evalu- 
ated at  (Tfe+Tf0)/2  + ©2jjj,  and  a recalculation  made  including  the  proper 
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value  of  in  the  equation.  The  calculation  may  be  done  in  a 

different  order  by  assigning  a value  of  Q-\m  for  equation  (VIII-9)  and  cal- 
culating the  value  of  n required.  This  latter  method  is  more  appropriate 
to  design,  where  a performance  in  terms  of  Q-jm  is  desired  and  the  physical 
characteristics  necessary  to  achieve  it  are  sought. 

Although  the  diameter  is'  not  involved  in  the  thermal  performance  of 
this  type  cooling  plate,  it  must  be  assigned  to  determine  the  pressure  drop 
for  the  fuel.  If  very  small  diameters  are  used  the  plate  thickness  is 
small  and  space  is  saved,  but  large  pressure  drops  may  be  encountered. 

With  an  assigned  diameter,  the  pressure  drop  is  determined  with  equation 
(VIII-10). 

A detailed  procedure  and  example  calculation  are  given  in  the  Appendix 
to  this  Section  for  determining  the  number  of  passages  required  and  the 
fuel  pressure  drop  in  a parallel-passage  plate. 


EFFECTS  OF  FUEL  TEMPERATURE  RISE,  COOLING  CAPACITY,  AND  PASSAGE  DESIGN  ON 
THE  SIZE  AND  PERFORMANCE  OF  FUEL-COOLED  MOUNTING  PLATES 

1.  The  Serpentine  Passage  Plate  with  Turbulent  Flow  of  the  Fuel 
a.  Effect  of  Cooling  Capacity 

The  effect  of  cooling  capacity  on  the  design  and  performance 
of  a fuel-cooled  mounting  plate  of  the  serpentine-passage  type  is  shown  in 
Figure  VIII-J4..  The  plate  is  assumed  to  have  six  straight  runs  to  the  fuel 
passage,  and  a fuel  temperature  rise  in  operation  of  20°F.  The  coolant 
used  is  JP-3  fuel  at  an  average  temperature  of  600°R,  or  Tfe  « $9 0°R, 

Tf0  ■ 6lO°R.  The  nominal  surface  area  of  the  plate  on  one  side  is  1.5  ft2, 
this  being  the  rectangular  area  enclosed  by  the  centerlines  of  the  passages, 
or  (rxs)  as  shown  in  Figure  VIII-2. 

It  is  apparent  from  Figure  VIII-I4.  that  an  increase  of  cooling  capacity 
for  a plate  with  a given  diameter  passage  requires  an  increase  in  tempera- 
ture difference  between  the  plate  and  the  coolant.  For  the  constant  fuel 
temperature  rise,  an  increase  of  cooling  capacity  requires  a proportionate 
increase  in  the  fuel  flow  rate.  The  heat  transfer  coefficient  in  the  pas- 
sage only  increases  as  (V)°  , however,  so  that  the  cooling  capacity  does 

not  keep  pace  with  the  fuel  rate  unless  the  temperature  difference  for  heat 
transfer  is  also  increased.  The  increased  fuel  flow  rate  also  requires 
greater  pressure  drop,  as  seen  in  the  figure.  If  a plate  having  increased 
cooling  capacity  but  no  increase  of  pressure  drop  is  required,  it  is  neces- 
sary to  increase  the  passage  diameter.  This  would  involve  an  increase  in 
thickness  and  space  requirements  for  the  plate.  An  increase  of  cooling 
capacity  with  a reduction  of  pressure  drop  requires  a more  rapid  increase 
of  passage  diameter  with  the  increased  capacity. 

For  ary  given  cooling  capacity,  it  is  possible  to  vary  the  passage 
diameter  (and  hence  the  plate  thickness)  over  a wide  range,  giving  changes 
in  the  temperature  difference  and  the  pressure  drop.  As  the  passage 
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diameter  is  increased,  G^ja  increases,  and  the  pressure  drop  is  reduced. 
Higher  values  of  represent  a progressively  less  efficient  cooling  plate, 
since  the  equipment  mounted  thereon  is  farther  above  the  available  coolant 
temperature.  If  an  increase  of  pressure  drop  can  be  tolerated,  the  passage 
diameter  can  be  reduced  to  bring  the  plate  temperature  close  to  the  coolant 
temperature  and  still  retain  the  same  cooling  capacity.  For  a given  ca- 
pacity plate  the  pressure  drop  and  space  requirements  are  therefore  in  con- 
flict, since  a reduction  of  either  requirement  involves  an  increase  in  the 
other.  Furthermore,  the  pressure  drop  and  temperature  potential  are  in 
conflict,  since  a reduction  in  either  requires  an  increase  of  the  other. 


b.  Effect  of  Fuel  Temperature  Rise 

The  effect  of  fuel  temperature  rise  on  the  design  and  per- 
formance of  a fuel-cooled  mounting  plate  is  shown  in  Figure  VIII-!?.  As  be- 
fore, the  plate  is  assumed  to  have  a nominal  area  of  1.5>  ft^,  and  use  JF-3 
fuel  as  coolant,  with  an  average  temperature  of  600°R  and  entrance  and  exit 
temperatures  corresponding  to  the  fuel  temperature  rise  assigned.  Other 
characteristics  are  indicated  in  the  figure. 

For  a plate  with  a fixed-diameter  fuel  passage,  and  fixed  cooling  ca- 
pacity, an  increase  of  fuel  temperature  rise  corresponds  to  a decrease  of 
fuel  velocity  and  weight  flow  rate.  As  expected,  the  figure  shows  a cor- 
responding increase  required  in  the  temperature  difference  Q-|m,  and  a re- 
duction of  pressure  drop.  If  the  value  of  Q-|m  must  be  held  constant,  it  is 
necessary  to  reduce  the  passage  diameter  and  suffer  increased  pressure  drop 
as  AT-f  is  increased. 

For  a fixed  allowable  fuel  temperature  rise,  it  is  noted  as  before  that 
space  and  pressure  drop  requirements  are  in  conflict,  since  a reduction  of 
passage  diameter  or  plate  thickness  requires  an  increase  of  pressure  drop. 


c.  Effect  of  the  Number  of  Bends  in  the  Passage 

The  effect  of  the  number  of  fuel  passage  bends  on  the  passage 
diameter  in  a serpentine-passage  cooling  plate  is  shown  in  Figure  VIII-6. 
The  design  characteristics  are  given  in  the  figure. 

Since  n (the  number  of  bends  is  (n-l))  is  varied  while  the  cooling  ca- 
pacity and  other  significant  factors  are  held  constant,  it  follows  that  the 
passage  diameter  increases  with  increased  n.  When  more  bends  are  used,  the 
length  of  the  passage  is  greater,  and  the  heat  transfer  coefficient  must  be 
reduced.  This  is  accomplished  by  increasing  the  passage  diameter,  which 
lowers  the  heat  transfer  coefficient  rapidly  enough  to  offset  the  increase 
of  passage  surface  area.  Figure  VIII-6  also  shows  that  the  pressure  drop 
far  -the  fuel  is  decreased  for  greater  n.  Therefore,  by  using  a larger  num- 
ber of  bends  and  a larger  passage  diameter  the  pressure  drop  requirements 
of  a plate  may  be  reduced,  while  keeping  all  other  performance  character- 
istics the  same. 
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2.  The  Parallel-Passage  Plate  -with  Laminar  Flow  of  the  Fuel 


a.  Effect  of  Cooling  Capacity 

m 

The  effect  of  cooling  capacity  on  the  design  and  performance 
of  a fuel-cooled  mounting  plate  of  the  parallel  passage  type  is  shown  in 
Figure  VIII-7.  The  nominal  area  of  the  plate  is  1.5  ft^,  this  being  the 
product  of  the  passage  length  and  the  distance  between  centerlines  of  the 
outermost  passages.  Other  specifications  for  the  plate  are  given  in  the 
figure.  As  shown  in  the  analysis  of  this  Section,  the  thermal  performance 
of  a plate  of  this  type  is  not  affected  by  the  fuel  passage  diameter,  so 
that  the  relationships  shown  for  n,  qj.  and  are  valid  for  any  diameter 
of  the  fuel  passage  which  gives  laminar  flow.  The  pressure  drop  depends 
on  the  passage  diameter,  however,  and  the  values  shown  are  far  a value  of 
D - 0.00521  ft  or  l/l6  in. 

The  plot  shows  that  a plate  with  a fixed  number  of  fuel  passages  can 
give  increased  cooling  capacity  only  by  operating  at  a higher  temperature 
above  the  temperature  of  the  coolant.  Since  the  cases  shown  are  for  a con- 
stant fuel  temperature  rise  of  20°F,  an  increase  of  capacity  requires  an 
increase  of  fuel  flow  rate,  and  greater  pressure  drop.  It  is  significant 
.to  note  that  the  change  in  Q-^  with  change  of  capacity  is  less  fear  plates 
with  a large  number  of  passages  than  for  those  with  fewer  fuel  passages. 

Considerable  freedom  of  design  exists  for  a cooling  plate  of  constant 
capacity.  The  figure  shows  that  the  number  of  passages  can  be  reduced  to 
comparatively  few  if  large  values  of  Q-]In  are  not  objectionable.  With  fewer 
passages  the  pressure  drop  increases,  but  the  pressure  drop  is  always  quite 
small  compared  to  the  values  found  earlier  for  serpentine-passage  plates 
with  small  passages.  It  should  be  noted  that  the  parallel  passage  plate  is 
rather  unsuited  to  service  requiring  small  values  of  ©j^,  since  the  number 
of  passages  required  becomes  quite  large.  It  would  therefore  seem  advisable 
to  use  a serpentine-passage  plate  where  small  Q-|m  is  required,  unless  the 
cooling  capacity  is  rather  low. 


b.  Effect  of  Fuel  Temperature  Rise 

The  effect  of  fuel  temperature  rise  on  the  design  and  per- 
formance of  a parallel-passage  cooling  plate  is  shown  in  Figure  VIII-8. 
Operating  and  design  specifications  are  given  in  the  figure. 

For  a plate  with  a fixed  number  of  passages,  an  increase  of  fuel  tem- 
perature rise  results  in  increased  ©2m*  Since  the  cooling  capacity  is  con- 
stant, the  fuel  flow  rate  is  decreased  for  increased  AT^,  giving  a smaller 
heat  transfer  coefficient  and  therefore  increasing  the  temperature  potential 
required.  The  lower  fuel  flow  rate  also  leads  to  a smaller  pressure  loss 
for  the  fuel.  For  a fixed  temperature  rise,  the  characteristics  are  the 
same  as  noted  in  Figure  VIII-?. 

If  a cooling  plate  which  requires  a large  number  of  passages  is  needed, 
it  may  be  necessary  to  place  the  passages  in  staggered  rows  and,  therefore. 
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Figure  VIII-7 

Effect  of  Cooling  Capacity  on  the  Design  and 
Performance  of  a Parallel-Passage  Cooling  Plate 
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use  a thicker  plate.  This  complication  seems  unwarranted,  however,  in  view 
of  the  better  suitability  of  the  serpentine-passage  plate  in  the  range  of 
low  ©jjjj.  An  important  advantage  of  the  parallel-passage  plate  o ver  the 
serpentine-passage  plate  is  noted  from  inspecting  Figures  VIII-U  and  -7. 

For  design  specifications  of  O^ja  " 20°F,  hTj  ■ 20®F,  and  q£  ■ 2555  Btu/hr, 
the  parallel  passage  plate  requires  only  55  passages.  If  l/l6  in.  passages 
we?4©  used,  with  l/l 6 in.  wall'  thickness,  this  would  give  a total  plate 
thickness  of  0.1875  in.  if  high  structural  rigidity  is  not  required.'  For 
the  same  specifications  a serpentine-passage  plate  would  be  about  0.925  in. 
thick,  and  weigh  correspondingly  more.  As  designs  for  higher  cooling  capac- 
ity are  considered,  the  number  of  passages  required  for  the  parallel-passage 
plate  increases.  This  in  turn  may  require  a thicker  plate  when  it  becomes 
necessary  to  use  a double  or  triple  row  of  passages.  With  the  serpentine- 
passage  plate,  on  the  other  hand,  the  higher  cooling  capacities  require 
smaller  passages  and  a thinner  {date®  Although  for  the  design  cited- above 
the  pressure  drop  is  not  given  in  Figure  VIII-!;,  it  is  seen  that  for  both 
type  plates  the  pressure  drop  is  very  small,  being  at  most  0.2  lb/in.^  If 
the  cooling  capacity  is  increased  with  all  other  specifications  unchanged, 
the  serpentine-passage  plate  requires  higher  fuel  pressure  drop,  while  that 
for  the  parallel  passage  plate  is  constant.  Although  these  factors  must  be 
compromised  in  a design  selection,  it  appears  that  the  parallel-passage 
plate  offers  a size  and  weight  advantage  in  the  lower  cooling  capacity  range® 
The  serpentine-passage  plate,  however,  offers  structural  simplicity  at  sac- 
rifice in  pressure  drop  in  the  higher  cooling  capacity  range. 


DESIGN  OF  A FUEL-COOLED  MOUNTING  HATE  FCR  TRANSIENT  SERVICE 

The  analysis  to  this  point  has  concentrated  on  the  characteristics  of 
cooling  plates  of  a given  cooling  capacity  for  one  coolant  temperature . In 
actual  service  in  a high  speed  aircraft,  it  is  probable  that  both  the  fuel 
temperature  and  the  equipment  heat  loads  would  vary  during  flight.  It  is 
therefore  desirable  to  consider  the  transient  performance  ciiaracteristics 
of  equipment  mounted  on  fuel-cooled  plates  so  as  to  develop  a method  of  de- 
signing the  plates  for  transient  service  applications® 

It  was  noted  earlier  that  the  heat  balance  equation  for  equipment 
mounted  on  a fuel-cooled  plate  is  similar  in  form  to  that  for  equipment 
cooled  by  the  system  described  in  Section  VII.  It  can  therefore  be  expected 
that  a plot  of  Te  vs.  t for  equipment  cooled  by  a plate  would  show  charac- 
teristics which  are  similar  to  those  found  in  Section  VII.  The  most  im~ 
portant  of  these  characteristics  from  the  design  viewpoint  is  the  nearly 
parallel  relationship  between  the  plots  of  T*  vs.  T and  T^  vs.  T.  Assuming 
that  this  characteristic  holds,  the  general  design  procedure  for  a fuel- 
cooled  mounting  plate  is  the  same  as  that  used  for  the  heat  exchanger  de- 
sign of  Section  VII.  The  equations  which  involve  details  of  the  particular 
cooling  apparatus  are,  of  course,  different.  An  example  to  illustrate  the 
transient  design  technique  as  applied  to  cooling  plates  is  given  here.  It 
is  assumed  that  a serpentine-passage  plate  is  used,  since  it  is  desired  to 
hold  the  equipment  very  close  to  the  fuel  temperature.  The  first  part  of 
the  design  consists  of  finding  the  cooling  capacity  required,  and  the  second 
consists  of  finding  the  design  details  for  the  particular  cooling  plate  to 
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1.  Design  Example 


Part  As  Determining  the  Cooling  Capacity  Required  of  a Cooling  Plate 
for  Transient  Service 


It  is  assumed  that  it  is  desired  to  cool  all  of  the  equipment  in  a 
cylindrical  aircraft  compartment  by  mounting  it  on  a cooling  plate.  The 
general  characteristics  of  the  compartment,  the  equipment,  and  the  available 
coolant  are  as  follows: 

skin  temperature  of  compartment  T^.  » 1355°R 

skin  insulation  of  rock  wool,  U-?  ■ 0.60  when  Te  ■ i±60°R  and 
IV  - 1 3tt°R 

dimensions  of  compartment,  diameter  ■ 2,0  ft,  length  » 0.866  ft, 
skin  area  ■ n x 2.0  x 0.866  a 5.45  ft^ 

heat  generation  of  equipment  q|  ■ 5110  Btu/hr 

Cooling  plate  should  have  a total  of  3 ft  of  mounting  surface 
(both  sides),  with  a two  to  one  side  ratio. 

ratio  of  free  convection  to  radiation  surface  area  of  equipment 
and  cooling  plate  assembly,  R « 4 

emissivities,  skin  insulation  *»  0.10,  equipment  ■ 0.20 

Thermal  capacity  of  equipment  and  cooling  plate  assembly  will  be 
approximately  Mgce  =2.0  Btu/°R  (assuming  the  total  weighs  about 
ill  lb  and  has  an  average  specific  heat  of  0.143  Btu/lb-°R$  very 
light  equipment). 

compartment  air  pressure  5 » 2.5 

coolant  JP-3  fuel,  tempera tires  taken  from  Figure  AIII-9, 

Uit  =5.0  Btu/hr-ft  -°R 

It  is  next  assumed  that  it  is  desired  to  prevent  the  equipment  from 
exceeding  Te  ■ 644 °R  in  100  minutes  of  flight  time.  The  equipment  is 
initially  at  460°R.  Reference  to  Figure  All  1-9  indicates  that  the  entrance 
fuel  temperature  to  the  plate  is  632°R  when  tt  = 100  min,  so  that  the  dif- 
ference between  the  equipment  and  entering  fuel  temperatures  at  the  end  of 
flight  is  12°F.  Since  the  fuel  temperature  and  equipment  temperature  main- 
tain approximately  constant  spacing,  the  value  of  the  slope  of  the  equip- 
ment temperature  during  the  last  half  of  the  flight  is  estimated  as 
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The  heat  storage  rate  in  the  equipment  and  plate  thermal  capacities  is 
therefore 

/vT  \ 

^ ce  - 228  Btu/hr 

Next  it  is  necessary  to  calculate  the  external  heat  load  to  the  equipment 
and  cooling  plate  assembly.  This  is  conveniently  done  by  the  methods  of 
Section  V,  after  expressing  the  significant  heat  transfer  characteristics 
in  this  example  on  a unit  skin  area  basis.  In  keeping  -with  earlier  prac- 
tice, the  design  value  of  external  heat  load  is  calculated  for  the  equip- 
ment temperature  occurring  at  the  middle  of  the  second  half  of  the  flight 
span.  Since  Tfe  * 578°R  at  this  time,  the  equipment  temperature  would  be 

Te  - Tfe  + 12 °F  - 590°R 

The  details  of  calculating  the  external  heat  load  based  on  this  temperature 
and  the  assigned  characteristics  are  not  given  here,.  Using  the  methods  of 
Section  V,  the  value  is  found  as  q0  • 3b2  Btu/hr-ft  . For  the  entire  com- 
partment, this  therefore  gives 

q£  «*  3h2  x £.45  ■ 1862  Btu/hr 

Applying  the  heat  balance  of  equation  (vill-ll) 

qf  - qo  + <lg  ~ Mece  ("2^) 

q£  * 1862  + 5110  - 228  - 67kh  Btu/hr 

This  is  the  cooling  capacity  for  which  the  cooling  plate  must  be  designed. 
The  temperature  difference  between  the  plate  and  the  fuel  is  assumed  to  be 
substantially  the  same  as  that  between  the  equipment  and  the  fuel.  Since 
the  fuel  temperatures  referred  to  until  this  point  are  entrance  tempera- 
tures to  the  plate,  Qim  is  something  less  than  12°F.  As  noted  in  connection 
with  Figures  VIII-7  and  -8,  this  requires  the  use  of  a serpentine-passage 
plate  to  avoid  the  very  large  number  of  passages  of  a parallel-passage  plate. 


Part  B:  Design  of  the  Cooling  Plate 

In  addition  to  the  characteristics  given  above,  the  following 
specifications  and  design  details  are  assumed  for  the  cooling  plate. 

Pressure  drop  of  the  fuel  must  be  less  than  1 $ lb/in.^ 

Temperature  rise  of  fuel  ATf  » 10°F  (this  will  give  a maximum 
fuel  temperature  of  632 +10  = 642  °R  or  182°F  at  the  end  of  flight 

The  passage  centerlines  come  to  within  1/4  in.  of  the  edge  of  the 
plate,  thus  r ■ 0.866-0.042  ■ 0.824  ft  and  s » 1.732-0.042  ■ 
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1.690  ft.  (plate  external  dimensions  are  1.732x0.866  <=  1.5  ft^) 

Design  temperature  for  the  fuel  Tpe  *>  578°R  corresponding  to  Te  « 

590°R 

Design  of  the  plate  is  now  a direct  calculation  except  that  n,  the  number 
of  straight  runs  in  the  passage  is  unknown.  This  is  therefore  assumed,  and 
another  value  used  later  if  the  pressure  drop  is  unsatisfactory  (recall  the 
effect  of  n on  pressure  drop,  as  shown  in  Figure  VIII-6). 

1.  Assume  n n » 8 

2.  Calculate  Rb  * r/2(n-l)  and  x » s - 2Rb 

„ 0.82U 

Rb  c “7£-T)  - °-oS88  ft 

x » 1.69  - 2 x 0.0588  « 1.572  ft 

3.  Calculate  Tfm  » Tfe  + ( ATf/2)  and  evaluate  7 , m.  , k,  cp,  Rr  for 
the  fuel  at  T^m  (use  Figure  Al-2  for  JP-3  fuel) 

Tfm  - 578  + (10/2)  - 583°R 

7 » hi. 22  lb/ft3 
>a  =»  1.21  lb/ft-hr 
k » 0.0855  Btu/hr-ft-°R 
cp  - 0.52  Btu/lb-°R 
Rr  » 7.32 


U • Calculate 


7 Cp  ( ATf) 


* - 5mSIO  • 27.14  «3/hr 


5.  Calculate 


®lm 


Tfo  ~ Tfe 
n...  /Te  ~fe"\ 


fo' 


®lm 


l0‘T 

°e 


10 

75777^ 


5.59° F 


t6s 

JVCJflPIVUl  I Ml  > 
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Assume  D 


D - 0.0268  ft 


7.  Calculate  V « (UQf/nD2) 

V - U8,500  ft/hr 

8.  Calculate  N * £ nnDx  + ^ n2D  + 1.77(n-l)n2D2 ] 

N = 1.06  + 0.109  + 0.0878  » 1.257 

9 . Calculate 

hf  - 0.023  (|)  (“^)°*8  (Rr)0^ 

hf  - 0.023  (§"§2'il)  (50,700)°*8(7.32)0#l4  * 9k 6 Btu/hr-ft2-°R 

10.  Calculate  qj»  ■ N 0^ 

qj,  ■ 66kO  Btu/hr 

If  q'  as  calculated  agrees  with  the  cooling  capacity  requirement 
found  earlier,  D is  correct,  otherwise  assume  another  D and  re- 
calculate  to  convergence.  If  q£  as  found  in  step  10  is  too  large, 
assume  a larger  value  of  D for  the  next  trial,  and  conversely. 

(In  the  example  calculation,  the  result  of  qj.  = 66U0  is  suffi- 
ciently close  to  the  required  q£  * 67UU  to  make  recalculation 
unnecessary.) 

11.  Calculate  (R-J-/D)  and  get  Kb  from  Figure  VIII-12. 

(Rb/D)  » 2.195 

Kb  «*  0.22 

12.  Calculate  Re  = ( HW/m  ) and  get  f from  a chart  of  friction 
factor  (Darcy)  vs.  Re  for  smooth  tubes  (such  as  Figure  VII-10). 

Re  = 50,700 

f = 0.0208 

(The  use  of  this  design  procedure  should  properly  be  confined  to 
cases  where  Re  ~ 10,000,  although  it  may  be  applied  with  de- 
creasing accuracy  down  to  Re  = 2300.) 


13.  Calculate 

ttP  - '(Tr)  [“  (V)  * (§)  CnR)  ♦ (n-l)I% 
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AP  « 133  x(9. 77  + 1.002  + 1.51;)  - 161*0  lb/ft2 

or  Ap  ■ 11. U lb/in2 

If  the  pressure  drop  is  too  great,  assume  a larger  value  of  n and 
repeat  the  design  procedure. 

This  completes  the  design  of  the  cooling  plate  for  the  example  design 
problem.  It  is  now  possible  to  make  an  analysis  of  the  transient  perform- 
ance to  confirm  the  suitability  of  the  cooling  plate  design.  Such  an  analy- 
sis requires  a stepwise  calculation  process  applied  for  short  intervals  over 
the  flight  time  of  interest.  The  procedure  and  an  example  calculation  for 
one  time  interval  are  given  in  the  Appendix  to  this  Section.  The  results 
for  such  a calculation  far  the  design  example  above  are  shown  in  Figure 
VHI-9,  where  it  is  seen  that  the  equipment  temperature  at  t*  • 100  min  is 
6l£°R,  compared  to  the  intended  value  of  614;°R.  The  design  for  the  cooling 
plate  is  therefore  satisfactory. 

If  a parallel-passage  plate  with  laminar  flow  of  the  fuel  is  used,  the 
determination  of  the  required  cooling  capacity  is  the  same  as  in  Part  I 
above.  The  second  part  simply  requires  solving  equation  (VIII-9)  for  n. 
Which  is  a direct  calculation  requiring  no  assumptions. 


2.  Design  Charts  for  Cooling  Plates 

After  the  required  cooling  capacity  of  a cooling  plate  has  been 
determined,  it  is  convenient  to  use  a chart  for  the  calculations  required 
in  Part  B of  the  design.  Charts  have  been  developed  for  this  purpose  to  de- 
sign both  serpentine-passage  plates  and  parallel-passage  plates.  A brief 
description  of  these  charts  and  their  use  is  given  here.  They  are  based  on 
the  use  of  JP-3  fuel  as  coolant,  and  cannot  be  used  for  other  coolants. 


a.  Charts  for  the  Design  of  a Serpentine-Passage  Plate 

In  any  cooling  plate  design  problem,  it  is  assumed  that  the 
designer  knows  the  plate  dimensions  r and  s (see  Figure  VIII-2),  the  cooling 
capacity  q A,  the  allowable  fuel  temperature  rise  ATf , and  the  temperature 
of  the  available  fuel  Tfe.  In  addition,  it  is  necessary  in  using  charts 
that  the  designer  assume  a value  of  Gim  which  can  be  regarded  as  a measure 
of  the  man  temperature  difference  between  the  plate  (or  equipment)  and  the 
coolant.  With  all  of  these  values  established,  the  charts  given  here  can 
be  used  to  determine  the  passage  diameter  and  the  fuel  pressure  drop  for  an 
assumed  value  of  n (number  of  straight  runs  in  the  serpentine  passage).  If 
the  resulting  pressure  drop  is  too  great,  the  value  of  n is  increased  and 
the  procedure  is  repeated  until  a satisfactory  design  is  achieved. 

The  design  charts  for  a serpentine-passage  plate  are  based  on  a some- 
what simplified  analysis  of  the  heat  transfer  process  between  the  plate  and 
the  fuel.  It  is  assumed  that  the  passage  can  be  considered  straight  for 
determining  the  heat  transfer  coefficient,  thus  neglecting  the  factor 
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Figure  VIH-9 

Calculated  Performance  Verification 
for  Cooling  Plate  Design 


ft  » l+3«5WD/2Rfc).  The  true  length  and  surface  area  of  the  passage  is  used, 
however.  Under  this  assumption,  equation  (VIII-6)  is  rewritten  as 

q£  - [o.023k(Er)°*^(Re)°*8]  ( nns+r 

All  of  the  variables  in  this  equation  are  known  or  can  be  determined  from 
the  assigned  design  conditions,  except  the  passage  diameter  D which  is  in- 
volved in  the  Reynolds  modulus  Re.  The  system  of  charts  given  in  Figure 
VUI-lOa  is  used  to  solve  for  this  diameter.  For  clarity  of  description, 
the  last  bracketed  term  of  the  equation  above  is  denoted  by  M' . 

The  charts  are  entered  in  quadrant  I by  drawing  a horizontal  line 
starting  at  the  value  of  n on  the  right-hand  scale.  The  intersections  of 
this  line  with  the  proper  line  of  constant  s and  the  proper  line  of  con- 
stant r are  found.  From  these  intersections,  lines  are  projected  vertically 
downward  into  quadrant  II.  The  line  from  the  intersection  with  s is  pro- 
jected horizontally  from  its  intersection  with  the  diagonal  of  quadrant  II 
until  it  intersects  the  line  projected  downward  from  its  original  intersec- 
tion with  r.  The  intersection  of  -these  two  lines  determines  M* . From  this 
point,  a line  is  projected  parallel  to  the  lines  of  constant  M*  until  it 
reaches  the  left  edge  of  quadrant  III.  From  this  point  the  line  is  pro- 
jected horizontally  into  quadrant  III  until  it  intersects  the  proper  line 
of  constant  ATf,  then  vertically  until  it  intersects  the  proper  line  of 
constant  ®lm«  From  this  point  the  line  is  projected  horizontally  into 
quadrant  IV  until  it  intersects  the  proper  line  of  constant  q£,  and  thence 
vertically  until  it  intersects  the  proper  line  of  constant  Tfm.  Tfra  is  de- 
fined as  Tfe  + ( ATf/2),  and  should  be  calculated  before  using  the  charts. 
From  the  last  named  intersection  the  line  is  projected  horizontally  to  the 
right  until  it  intersects  the  scale  of  diameters,  where  the  answer  is  read. 
An  example  of  using  the  charts  according  to  the  above  description  is  indi- 
cated in  Figure  Vlll-lOa  by  the  dashed  lines  with  arrows. 

The  charts  for  calculating  the  pressure  drop  in  a serpentine  passage 
are  also  based  on  a simplified  analysis.  If  a constant  value  of  * 0.2f? 
is  used,  equation  (VIII-7)  can  be  written  as 

AP  " (■rr)((ir) (§) + °-2^n-1)] 

This  equation  is  solved  using  the  charts  of  Figure  VUI-lOb.  Quadrants  V, 
VI,  and  VII  are  used  first  to  determine  the  fuel  velocity  and  the  Reynolds 
modulus.  These  values  are  then  recorded  and  used  later.  Quadrant  V is 
entered  by  projecting  a line  horizontally  to  the  right,  starting  from  the 
value  of  qj.  on  the  left-hand  scale.  This  line  is  continued  until  it  inter- 
sects with  the  proper  line  of  constant  ATf.  From  this  intersection,  the 
line  is  projected  vertically  to  intersect  with  the  proper  line  of  constant 
Tfra,  and  then  projected  horizontally  into  quadrant  VI.  The  scale  on  the 
left  of  quadrant  VI  gives  the  fuel  flow  rate  Qf . This  flow  rate  must  be 
supplied  to  the  plate  to  satisfy  the  design  conditions.  The  line  is  con- 
tinued horizontally  into  quadrant  VI  until  intersection  with  the  proper  line 
of  constant  D.  The  line  is  then  projected  vertically  downward  from  this 
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intersection  to  give  the  velocity  of  the  fuel  on  the  bottom  scale  of  quad- 
rant V.  The  intersection  of  this  last  vertical  projection  with  the  proper 
line  of  constant  Tf^  is  next  used  as  a starting  point  to  project  horizontally 
into  quadrant  VII  until  intersecting  the  ‘line  of  constant  D for  the  design 
case  at  hand.  The  value  of  Re  is  then  given  by  the  scale  at  the  bottom  of 
quadrant  VII  directly  beneath  this  last  intersection. 

With  the  values  of  V and  Re  established,  the  designer  enters  quadrant 
VIII  with  the  value  of  M*  as  found  in  quadrant  II.  Quadrants  VIII,  IX,  and 
X are  then  used,  in  that  order,  to  complete  the  calculation  of  the  pressure 
drop.  The  intersections  are  to  be  made  in  the  order  indicated  by  the  exam- 
ple shown  by  the  dashed  lines  with  arrows.  The  final  result  is  given  as 
np  in  units  of  lb/in. 

The  simplifications  used  in  constructing  these  charts  lead  to  different 
design  results  than  when  the  original  equations  are  used  unaltered.  Since 
the  effect  of  the  bends  on  increasing  the  heat  transfer  coefficient  is 
neglected,  the  chart  design  indicates  the  need  of  a smaller  passage  diameter 
than  that  found  by  the  original  equation.  The  smaller  diameter  results  in 
increased  fuel  velocity,  and  a higher  value  of  the  straight-passage  heat 
transfer  coefficient.  It  is  readily  seen  that  this  gives  a conservative 
effect  to  the  design,  since  it  should  give  a performance  value  of  Q~im  which 
is  less  than  the  design  value.  As  a result  of  the  smaller  pas  sage  diameter, 
a cooling  plate  designed  by  the  chart  would  require  greater  fuel  pressure 
drop  than  one  designed  with  the  procedure  given  in  Part  B of  the  design  ex- 
ample. 


It  is  emphasized  that  the  charts  are  for  turbulent  flow.  Thus,  Re  as 
found  in  quadrant  VII  should  be  greater  than  10,000  for  proper  use  of  the 
charts,  although  they  may  be  used  with  diminishing  accuracy  down  to  Re  •* 
2300. 


b.  Charts  for  the  Design  of  a Parallel-Passage  Plate 

For  the  design  ,of  a parallel-passage  cooling  plate,  the  same 
quantities  must  be  known  as  for  the  serpentine  passage  plate,  except  that 
the  passage  diameter  D is  unimportant  to  the  thermal  performance,  and  the 
number  of  passages  n is  calculated  rather  than  assumed.  Only  one  simplifi- 
cation to  the  heat  transfer  relationship  of  equation  ( VIII-9)  is  required 
for  the  parallel-passage  charts.  It  is  assumed  that  the  quantity 
(-'u/^as)^*^4  * 1.  This  assumption  is  quite  accurate  unless  very  large 
values  of  9-^  are  used. 

Figure  Vlll-lla  is  the  set  of  charts  required  for  solving  equation 
(VIII-9)  for  n.  Quadrant  I is  entered  from  the  left  at  the  value  of  cooling 
capacity  required.  A line  is  then  projected  successively  to  intersections 
with  the  appropriate  values  of  ATf  , 9-jm,  x,  Tfm,  and  thence  to  the  result 
n.  An  example  is  indicated  by  the  dashed-arrow  line. 

The  pressure  drop  calculation  required  by  equation  (VIU-10)  is  solved 
by  the  charts  of  Figure  VUI-llb.  The  charts  are  entered  at  quadrant  III 
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by  projecting  from  the  cooling  capacity  scale  successively  to  intersections 
with  the  proper  values  of  ATf,  Tf^  and  n in  quadrant  IV.  A line  is  then 
projected  from  the  intersection  with  the  line  of  constant  n directly  down 
to  quadrant  V to  intersect  with  the  single  line  plotted  tha*e.  From  this 
intersection  a line  is  projected  horizontally  into  quadrant  VI  to  intersect 
with  the  value  of  D and  thence  vertically  to  the  value  of  Tfm.  From  the 
intersection  with  Tfm,  the  line  is  projected  horizontally  across  to  quad- 
rant VIII,  as  shown  by  the  dashed-arrow  line.  The  designer  then  returns  to 
quadrant  IV  and  locates  the  intersection  of  his  original  vertical  projection 
with  the  proper  value  D.  From  this  point  a line  is  projected  horizontally 
into  quadrant  VII  to  intersect  with  the  line  for  Tfm,  and  thence  vertically 
to  intersect  with  x.  From  this  last  point,  a line  is  projected  horizontally 
to  the  right  edge  of  the  quadrant.  A circular  arc  is  then  swung,  using  the 
lower  right  corner  of  the  quadrant  as  a center,  and  locating  the  entry  point 
on  the  upper  edge  of  quadrant  VIII.  A line  is  next  projected  vertically 
downward  from  this  point  to  intersect  with  the  line  projected  horizontally 
into  quadrant  VIII  earlier.  The  intersection  of  the  two  determines  the 
pressure  drop  of  the  fuel  in  lb/in.  It  should  be  noted  that  the  fuel  flow 
rate  is  also  given  by  the  chart  at  the  right  of  quadrant  III,  where  the 
scale  is  read  at  the  point  where  the  horizontal  projection  line  passes 
through  it. 

This  set  of  charts  given  in  Figures  Vlll-lla  and  -lib  is  for  laminar 
flow  of  the  fuel.  It  is  recommended  that  Re  ® (IfWf/nnDM  ) be  calculated 
after  completing  the  design  to  determine  if  Re  is  properly  below  2300.  If 
not,  the  chart  design  may  still  be  used,  but  with  diminishing  accuracy,  up 
to  Re  **•  10,000.  In  this  transition  range  between  laminar  and  turbulent 
flow,  a performance  value  of  9^  smaller  than  the  design  value  may  be  ex- 
pected, and  an  actual  pressure  drop  greater  than  the  design  value  is  likely. 


APPENDIX  TO  SECTION  VIII 

1.  Calculation  Procedures  for  the  Steady-State  Operation  of  Fuel- 
Cooled  Mounting  Plate's 

a.  The  Serpentine-Passage  Plate  with  Turbulent  Flow  of  the  Fuel 

The  calculation  procedure  and  example  calculation  given  below 
illustrate  the  determination  of  and  a p for  a serpentine-passage  plate 
of  known  dimensions  and  operating  conditions.  The  example  uses  JP-3  fuel 
as  the  coolant. 

Given  Data; 

plate  dimensions  (see  Figure  VIII-2)  s * 1.69  ft,  r = 0.821*  ft 
cooling  capacity  required  q£  • £110  Btu/hr 
number  of  straight  runs  in  the  passage  n » 6 
entrance  temperature  of  fuel  Tfe  *»  590°R 
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Design  Chart  for  Serpentine-Passage  Cool! 
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allowable  temperature  rise  of  fuel  ATf  *=  20°F,  Tf0  » 6lO°R 
diameter  of  circular  fuel  passage  D = 0.02  ft 
Calculate; 


the  logarithmic  mean  temperature  difference  between  the  fuel 
and  the  plate,  and  the  fuel  pressure  drop. 

1.  Calculate  (Tfe  + Tf0)/2  and  evaluate  7,  Cp,  M , k,  and  Er  for  the 
fuel  at  this  temperature  (for  JP-3  fuel,  use  Figure  Al-2) 

7 - 1+6.78  lb/ft3 
cp  = 0.532  Btu/lb-°R 

M*  1.1  lb/ft-hr 
k = 0.085  Btu/hr-ft-°R 

Er  * 6.88 


2.  Calculate  Rb  « g'Cn  l)  x “ s “ 2Rb 


qi 

3.  Calculate  Wf  • 

1 cp  (Tf0-Tfe) 


Rb  * 0.082U  ft 
x » 1.5252  ft 


U . Calculate  V 


■ a Mho)  - Wo  lb/hr 

hVTf. 


tiD27 


V * 32600  ft/hr 

5 • Calculate 

bj.  . 0.023  (i)  (-^P)0'8  (Er)0'1* 
hf  = 0.023  (27700)0,8(6.88)°*4  * 758  Btu/hr-ft2-°R 

6.  Calculate 

h]Af  » hf  [ nnDx  + (|)  + 1.77(n-l)n2D2) 

h|Af  * 758  [ 6x3. Il;lx0. 02x1. 525+  (^|^)  (3.l4l)20.02 
+ 1.77x5x(3.1iil)2(0.02)2J»  525  Btu/hr-°R 
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7.  Calculate 

„ ^ # 
- $$r  ■ 9-75<>F 

8.  Get  f from  a chart  of  friction  factors  at  Re  « (TfVD/yu)  for 
smooth  tubes  (see  Figure  VII-10) 

Re  « 27,700 
f - 0.0238 

(This  procedure  is  based  on  turbulent  flow  conditions  in  the  fuel 
and  is  therefore  accurate  only  if  Re  = 10,000.  It  may  be  used 
with  decreasing  accuracy  down  to  Re  = 2300.) 

9.  Calculate  (Rb/D)  and  get  Kb  from  Figure  VIII-12. 

(R^/D)  - U.12 
Kb  - 0.199 

10.  Calculate 

AP  " [ n C^)  + (n“1^  (§)  (»®b)  + (n-l)Kb] 

*P  - 59.55  [l0.89  + 1.51  + .995]  - 801  lb/ft2 

b.  The  Straight,  Parallel  Passage  Plate  with  Laminar  Flow  of 
the  Fuel 


The  calculation  procedure  and  example  calculation  given  below 
illustrate  the  determination  of  the  number  of  passages  required  and  the 
pressure  drop  for  a parallel  passage  plate  of  known  dimensions  and  operating 
conditions.  The  example  Uses  JP-3  fuel  as  the  coolant. 

Given  Data: 

plate  dimensions,  length  x ■ 1.69  ft  and  width  w » 0.824  ft 

passage  length  x ■ 1.69  ft 

cooling  capacity  required  qj.  ■ 5110  Btu/hr 

entrance  temperature  of  fuel  Tfe  • 590°R 

allowable  temperature  rise  of  fuel  ATf  ■ 20°F,  Tf0  ■ 6l0°R 
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Calculate: 

n,  the  number  of  passages  required,  and  the  pressure  drop, 
assuming  D ■ 0.00521- ft 


1.  Calculate  (Tfe+Tf o)/2  and  get  7 , k,  m.  , and  Cp  for  the  fuel  at 
this  temperature  (for  JF-3  fuel  use  Figure  AI-2) 

1 m 1*6.78  lb/ft3 
k * 0.085  Btu/hr-ft-°R 

M m 1.1  lb/ft-hr 
cp  « 0.532  Btu/lb-°R 


'~€eNttDCNTKL 


Uwf 

7.  Calculate  Ee  - 

Re  - 1770 

(Re  should  be  less  than  2300  for  proper  use  of  this  procedure, 
since  laminar  flow  of  the  fuel  is  assumed.  It  may  be  used,  how- 
ever, with  decreasing  accuracy  up  to  a value  of  Re  10,000.) 


2.  Calculation  Procedure  for  Evaluating  the  Temperature  Rise  of 
Equipment  Mounted  on  a Fuel-Cooled  Plate 

The  procedure  given  here  is  far  the  calculation  of  equipment  tem- 
perature  rise  far  a single  time  interval.  It  is  assumed  that  the  equipment 
is  mounted  to  a plate  having  a single,  serpentine  fuel  passage  through 
which  the  fuel  flow  is  turbulent.  As  with  the  transient  analyses  of  Sec- 
tion VII,  this  procedure  assumes  that  the  methods  given  in  Section  V have 
been  used  to  construct  a plot  of  q0  vs.  T~,  which  is  then  used  as  indicated 
below.  The  list  of  compartment,  equipment,  fuel  temperature,  and  cooling 
plate  characteristics  are  not  given,  since  they  are  given  for  the  design 
example  (pp.  VHI-26  to  -30  and  Figure  VI 1 1 -9)  to  which  this  calculation 
applies.  The  example  here  is  for  the  time  interval  beginning  at  t ■ 1 hr 
and  ending  at  t « 1.0833  hr.  Te  at  the  beginning  of  this  time  interval  is 
566°R. 

1.  Select  at  and  assume  Te2 

at  - 0.0833  hr 
Te2  - 573°R 

2.  Calculate  ATe  « Te2-Tei  and  Tem  " Tei+(  hTe/2) 

ATe  - 7°R 
Tem  - 569 .5°R 

3.  Get  qQ  from  outside  heat  load  calculation  at  Tem 

qo  “ 350  Btu/hr-ft^ 

l*.  Calculate  qj  ■ where  Aw  is  total  skin  area  of  the  com- 
partment 

q^  ■»  350x5.1*5  **  1908  Btu/hr 

. / a Te\ 

5.  Calculate  qf  « q£  + q|  - MgCe 

q£  *»  6850  Btu/hr 

6.  Get  Tfe  at  the  middle  of  at  from  the  plot  of  Tf  vs.  t.  (In  this 
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example,  JB-3  fuel  is  used.,  Tf  from  Figure  AIII-9,  Uit  85  5.0.) 

Tfe  - 55?°R 

7.  Assume  Tf0,  and  get  Cp  and  1 at -(Tfe+Tf0)/2  (for  JP-3  use 
Figure  AI-2)  * 

Tfo  «=  567°R 

cp  » 0.506  Btu/lb-°R 

y « Ii7.8  lb/ft3 


8.  Calculate  T£Q  * (q^/cp7  )+Tfe 

Tf0  - 567. 3°R 

If  this  does  not  agree  -with  the  value  assumed  in  step  7,  repeat 
7 and  8 to  agreement. 

9.  Get  , k,  Er  at  the  correct  value  of  (Tfe+Tf0)/2 


yu.  -1.38  lb/ft-hr 
k = 0.08601;  Btu/hr-ft-°R 
Pr  - 8.1 


10 .  Calculate 


hf  ' 0-023  (|)  (-^)°'8  (Pr)0-1* 


(from  the  design  calculation  V = 48,500  ft/hr,  D * 0.0268  ft) 
hf  » 0. 023(3* 21) (U5jOOO)°*®(8.1)0*^  - 895  Btu/hr-ft2-°R 

11.  Calculate  N » JnriDx+  (£)  n2D  + 1.77(n-l)n2D2] 


N - 1.257 


12.  Calculate  63^+3  » (l^/h^N) 


<W  . 6.08°P 


13.  Calculate 


elm 


<Tfo  " Tfe> 

T— TT 


l0§e  ( 


'em 

p 

em 


ZB.) 

- Tf0/ 


«Lb  - 5-?3°F 
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Repeat  interval  calculation  until  steps  12  and  13  agree  by  as- 
suming new  values  of  Te2»  If  (©lm)l3  > (®lm)l2  Te2  should  be 
decreased  and  conversely. 

This  calculation  procedure  offers  no  special  difficulty  except  during 
the  first  few  intervals,  when  Te  has  not  assumed  its  equilibrium  value  with 
respect  to  T^.  Very  short  time  intervals  should  therefore  be  used  at  first 
in  order  to  insure  a smooth  plot  of  the  values  of  Te.  The  calculation 
shown  applies  only  when  all  of  the  equipment  in  the  compartment  is  mounted 
on  the  fuel-cooled  surface.  If  this  is  not  the  case,  a different  method  of 
describing  the  external  heat  load  to  the  equipment  must  be  used,  as  de- 
scribed in  the  analysis  of  this  Section. 
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SECTION  IX 


TEMPERATURE  RISE  OF  EQUIPMENT  COMPONENTS  COOLED 
BY  AN  EXPENDABLE  EVAPORATIVE  COOLANT 


By  T.  C.*  Taylor  and  Y.  H.  Sun 


It  is  possible  that  in  many  installations  of  aircraft  equipment  only  a 
few  critical  items  are  subject  to  severe  temperature  rise  limitations.  In 
these  cases  it  would  be  wasteful  to  cool  the  entire  compartment,  since 
savings  in  space  and  weight  can  be  effected  if  cooling  is  applied  only  to 
those  items  which  need  it.  One  method  of  applying  this  individualized 
cooling  effect  is  to  use  an  evaporative  coolant.  In  this  method,  a supply 
of  the  coolant  is  attached  in  good  thermal  contact  with  the  equipment  to  be 
cooled.  Heat  is  therefore  transferred  from  the  equipment  to  the  coolant 
which  is  boiled  off  and  discharged  from  the  aircraft.  By  this  means  the 
equipment  is  maintained  at  very  nearly  the  temperature  of  evaporation  so 
long  as  the  supply  of  coolant  lasts.  The  equipment  must  be  slightly  above 
the  evaporation  temperature  to  provide  temperature  potential  for  transferring 
the  heat  to  the  coolant.  Since  the  evaporation  temperature  of  any  coolant 
is  a function  of  the  pressure,  this  cooling  method  is  readily  controlled  by 
using  pressure  regulators  for  the  coolant  container.  In  addition  to  its 
usefulness  as  a means  of  limiting  the  temperature  rise  of  critical  equip- 
ments, the  evaporative  coolant  can  be  used  to  dispose  of  one  or  more  severe 
generated  heat  loads,  thus  reducing  the  heat  load  to  all  of  the  equipments 
in  the  compartment.  The  use  of.  evaporative  coolant  in  these  applications 
derives  advantage  from  the  comparatively  great  heat-absorbing  capacity  of  a 
substance  as  it  changes  from  the  liquid  to  the  vapor  state.  The  weight  and 
space  requirements  of  this  type  of  expendable  coolant  are  therefore  low.  In 
addition,  the  apparatus  required  for  this  cooling  method  is  small,  light, 
and  simple  compared  to  that  required  by  other  methods. 

Methods  are  developed  in  this  Section  to  evaluate  the  temperature  rise 
of  individual  equipments  or  equipment  groups  which  are  protected  with  an 
evaporative  coolant.  A method  is  also  included  for  evaluating  the  tempera- 
ture rise  of  an  individual  equipment  component  without  special  protection 
and  not  conforming  to  the  average  characteristics  for  all  of  the  equipment 
in  the  compartment. 


SUMMARY 


The  application  of  evaporative  coolants  to  the  protection  of  individual 
equipment  items  is  considered.  It  is  assumed  that  one  or  more  critical  items 
to  be  cooled  are  located'  in  an  otherwise  uncooled  compartment.  The  uncooled 
equipment  items  are  assumed  to  dominate  the  heat  transfer  processes  of  the 
compartment  and  therefore  determine  the  environment  temperature-time  history, 
which  in  turn  determines  the  external  heat  load  to  the  cooled  items.  It  is 
assumed  that  the  evaporative  coolant  is  placed  in  good  thermal  contact  with 
the  item  to  be  cooled,  and  the  temperature  difference  between  the  equipment 
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item  and  the  coolant  is  therefore  neglected.  Two  methods  for  controlling 
the  evaporation  temperature  of  Ihe  coolant  are  analyzed.  In  the  first,  the 
coolant  is  vented  through  a pressure  regulator  which  maintains  a constant 
pressure  in  the  evaporative  coolant  container.  This  gives  a constant 
evaporation  temperature  irrespective  of  the  variation  of  heat  loads  to  the 
equipment.  In  the  second  control  method,  the  coolant  vapor  is  discharged 
to  a constant  pressure  region,  but  passes  through  a convergent  nozzle  which 
causes  a pressure  build-up  upstream  of  the  nozzle.  This  method  gives  an 
increasing  evaporation  temperature  for  increasing  heat  loads  to  the  cooled 
equipment.  The  external  heat  loads  to  the  cooled  equipment  are  assumed  to 
consist  only  of  the  free  convection  heat  transfer  with  the  compartment  air 
and  radiation  heat  transfer  with  the  skin  insulation.  Radiation  heat  trans- 
fer between  bodies  in  the  compartment  is  neglected. 

Equations  are  given  for  calculating  the  external  heat  loads  and  for 
describing  the  temperature  rise  of  the  cooled  equipment  during  periods  when 
no  coolant  is  evaporating.  Equations  are  also  developed  to  describe  the 
coolant  evaporation  rate,  and  for  the  second  method  of  control,  the  equip- 
ment temperature  rise  during  periods  of  coolant  evaporation.  Calculation 
procedures  are  given  which  use  these  equations  to  calculate  the  over-all 
temperature  rise  of  an  equipment  protected  with  evaporative  coolant.  One 
procedure  is  given  for  each  of  the  evaporation  control  schemes.  These  pro- 
cedures use  a stepwise  calculation  method  which  requires  trial  and  error 
calculations  of  some  of  the  quantities  involved.  However,  the  procedures 
are  not  unduly  complicated  or  difficult. 

A design  procedure  and  design  example  are  given,  showing  how  to  select 
the  proper  amount  of  coolant  to  meet  a desired  temperature-flight  plan  for 
the  cooled  equipment.  Although  the  design  method  is  based  on  a number  of 
approximate  assumptions,  it  is  found  to  give  quite  accurate  results  in  the 
example.  The  problem  of  selecting  the  evaporative  coolant  for  a design  is 
not  considered. 

A number  of  calculations  are  made  to  study  the  temperature  rise  of 
individual  equipments,  both  cooled  and  uncooled,  in  a compartment  with  con- 
stant skin  temperature.  All  of  these  calculations  assume  water  for  the 
coolant.  The  salient  conclusions  reached  from  studying  the  results  of  these 
calculations  are  summarized  as  follows: 

1.  There  are  a variety  of  conditions  which  can  require  special  cooling 
for  some  of  the  equipment  items  in  an  otherwise  uncooled  compart- 
ment. The  first  and  most  obvious  condition  is  when  the  temperature 
of  a particular  piece  of  equipment  must  be  restricted  to  lower 
values  than  that  of  the  average  uncooled  equipment.  Special  cool- 
ing may  also  be  desired  if  there  is  a concentrated  source  of  gen- 
erated heat,  since  the  cooling  effect  can  both  reduce  the  local 
temperature  rise  and  eliminate  this  heat  source  from  the  over-all 
compartment  heat  load.  In  addition,  equipment  which  does  not  gen- 
erate heat  and  which  can  tolerate  the  average  equipment  tempera- 
tures -may  require  special  cooling  because  of  thermal  characteris- 
tics which  are  out  of  line  with  the  average.  In  one  example  it  was 
found  that  equipment  which  has  an  exceptionally  high  surface  emis- 
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sivity  and  a thermal  capacity  one-half  of  the  average  value  may  be 
as  much  as  70°F  above  the  average  equipment  temperature. 

2.  ’Then  an  individually  cooled  equipment  is  controlled  so  that  its 
coolant  boils  at  constant  temperature,  the  plot  of  equipment  tem- 
perature vs.  time  shows  three  distinct  periods.  In  the  first,  the 
equipment  temperature  rises  due  to  storage  of  heat  in  the  thermal 
capacities  of  the  equipment  and  the  liquid  coolant.  The  tempera- 
ture rises  until  the  coolant  is  at  the  saturation  temperature  cor- 
responding to  its  pressure.  At  this  temperature,  the  coolant  be- 
gins to  boil  and  maintains  the  equipment  at  a constant  temperature 
as  long  as  the  expendable  coolant  lasts.  This  constant  tempera- 
ture effect  is  based  on  the  assumption  of  a very  large  heat  trans- 
fer coefficient  to  the  boiling  liquid  and  a high  conductance  for 
any  heat  conduction  path  between  the  equipment  and  the  coolant. 
These  conditions  are  easily  approximated  in  an  actual  case.  In 
the  final  period  after  all  of  the  coolant  is  boiled  off,  the  tem- 
perature again  rises  due  to  storage  of  heat  in  the  equipment.  An 
increase  in  the  amount  of  coolant  provided  extends  the  flight  time 
below  a limiting  temperature  in  two  ways.  First,  the  added  ther- 
mal capacity  of  the  coolant  prolongs  the  initial  period  of  tempera- 
ture rise.  Second,  the  added  coolant  provides  more  heat  absorption 
capacity  due  to  boiling,  prolonging  the  period  of  constant  tem- 
perature operation.  The  added  flight  time  resulting  from  added 
coolant  is  not  proportional  to  the  amount  of  coolant  added,  how- 
ever, since  the  average  external  heat  load  is  greater  for  longer 
flight  durations.  This  increase  of  average  external  heat  load  is 
due  to  an  increase  of  environment  temperatures  with  time  in  an 
uncooled  compartment. 

3»  The  effect  of  raising  the  evaporation  temperature  when  using  a 

coolant  evaporating  at  constant  temperature  is  to  prolong  the  time 
before  the  coolant  is  all  boiled  off.  This  effect  is  due  princi- 
pally to  two  conditions.  First,  added  use  is  made  of  the  equip- 
ment and  liquid  thermal  capacities  by  storing  heat  in  them  over  a 
longer  initial  period  of  temperature  rise.  Second,  constant  tem- 
perature operation  at  higher  temperatures  involves  smaller  exter- 
nal heat  loads  to  the  coolant.  This  second  effect  is  at  least 
partially  offset  by  a decrease  in  the  latent  heat  of  vaporization 
for  the  coolant  as  the  temperature  is  increased.  The  combination 
of  these  effects  indicates  that  for  most  efficient  use  of  a given 
amount  of  coolant,  the  evaporation  temperature  should  be  chosen  as 
high  as  possible  consistent  Yfith  reliable  operation  of  the  equip- 
ment. 

U.  Trrhen  a convergent  nozzle  of  small  enough  size  is  used  to  control 
the  discharge  of  the  coolant  vapor,  the  coolant  and  equipment  tem- 
peratures rise  during  the  evaporation  period.  The  temperature  rise 
is  initially  rapid  whi}.e  building  up  sufficient  pressure  to  dis- 
charge enough  coolant  vapor  to  dissipate  the  heat  loads.  There- 
after the  temperature  rise  is  more  gradual  to  accommodate  the  in- 
crease of  external  heat  load  with  time.  The  use  of  this  method  of 
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control  offers  no  significant  advantage  over  using  the  method  of 
constant-temperature  evaporation  when  the  average  equipment  tem- 
peratures during  the  evaporation  period  are  comparable. 


ANALYSIS 

1.  Assumptions  for  Analysis 

A typical  configuration  for  a compartment  containing  a number  of 
equipment  items,  one  of  which  is  protected  by  evaporative  coolant,  is  shown 
in  Figure  3X-1*  The  particular  compartment  shown  is  cylindrical  in  shape, 
and  no  other  cooling  method  is  used  in  the  compartment.  The  single  item 
which  is  cooled  is  assumed  to  consist  of  a box  which  contains  one  or  more 
equipment  items.  On  the  interior  of  the  box  is  a flask  or  container  of 
evaporative  coolant,  so  placed  that  it  is  in  good  thermal  contact  with  the 
box  and  the  equipment  inside  of  the  box.  If  it  is  not  detrimental  to  opera- 
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Figure  IX— 1.  Schematic  of  a Compartment  with  an  Equipment 
Protected  by  Evaporative  Coolant 

tion,  the  entire  box  may  be  filled  with  evaporative  coolant,  completely  im- 
mersing the  equipment.  The  box  is  fitted  with  a discharge  line  for  dis- 
posing of  the  vapor.  By  means  of  this  line,  the  coolant  is  vented  to  a 
pressure  which  establishes  the  evaporation  temperature.  Two  methods  of 
control  are  assumed  for  the  analysis.  In  one  case,  it  is  assumed  that  the 
vent  or  discharge  line  for  the  coolant  contains  a pressure  regulator  which 
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maintains  the  coolant  at  constant  pressure.  The  evaporation  temperature  of 
the  coolant  is  therefore  constant.  In  the  second  method  of  control,  it  is 
assumed  that  the  coolant  is  vented  to  a constant  pressure  region  but  the 
vent  line  contains  a convergent  nozzle  as-  a restriction  which  offers  re- 
sistance to  the  flow  of  the  discharging  vapor.  The  pressure  of  the  coolant 
and  the  evaporation  temperature  therefore  rise  for  an  increase  in  evapora- 
tion rate. 

The  external  heat  loads  to  the  cooled  box  of  equipment  are  assumed  to 
be  those  due  to  radiation  from  the  skin  insulation  and  free  convection  of 
the  compartment  air  only.  In  addition,  the  cooled  equipment  may  generate 
heat.  The  sum  of  the  external  and  generated  heat  loads  of  the  box  is  dis- 
sipated by  the  evaporative  coolant.  Although  a slight  temperature  differ- 
ence is  required  to  transfer  generated  and  received  heat  from  the  equipment 
to  the  evaporative  coolant,  it  is  assumed  that  this  is  negligible,  and  that 
the  equipment  and  coolant  are  at  the  same  temperature.  For  purposes  of  de- 
termining the  external  heat  load  to  the  box,  it  is  assumed  that  the  cooled 
equipment  itself  has  negligible  effect  on  the  compartment  temperatures.  The 
compartment  air  temperature  and  the  insulation  face  temperature  are  there- 
fore established  by  the  heat  transfer  processes  between  the  skin  and  all  of 
the  other  equipment  in  the  compartment.  This  assumption  is  accurate  in  the 
case  where  the  cooled  box  or  boxes  are  a small  portion  of  the  entire  con- 
tents of  the  compartment. 

The  only  insulation  used  in  -this  analysis  is  that  on  the  inside  of  the 
compartment  skin.  The  use  of  insulation  on  individual  equipment  boxes  is 
considered  in  Section  X.  The  radiation  portion  of  the  external  heat  load 
is  assumed  to  consist  only  of  radiant  heat  transfer  between  the  box  and  the 
comjoartment  skin  or  skin  insulation.  The  temperature  difference  between  the 
cooled  box  and  nearly  uncooled  bodies  is  assumed  to  be  sufficiently  small 
that  radiant  heat  interchange  between  them  can  be  neglected. 


2.  Nomenclature 

Symbol  Definition 

A Surface  area 

a Flow  area 

a'  A convection  group,  used  in  equation 

(3X-U) 

c Specific  heat 


H Enthalpy 

h Heat  transfer  coefficient 

K Nozzle  coefficient 


Units 


Btu/lb-°R 

Btu/lb 

Btu/hr-ft2-°R 

dimensionless 
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Definition 

Characteristic  length  for  free  con- 
vection 


Units 


Weight 

Weight  on  unit  skin  area  basis 

Pressure 

Heat  transfer,  storage,  or  generation 
rate  based  on  unit  skin  area 

Heat  transfer,  storage,  or  generation 
rate 

Ratio  of  free  convection  to  radiation 
heat  transfer  area 

Absolute  temperature 

Insulation  conductance 

Volume 

Specific  volume 

Weight  flow  rate 


lb/ft2 

lb/in2 

Btu/hr-ft2 

Btu/hr 

dimensionless 

°R 

Btu/hr-ft2-°R 

ft3 

ft3/lb 

lb/hr 


Fraction  of  coolant  in  the  vapor  state  dimensionless 


Pressure 


Emissivity 


atmospheres 

(dimensionless) 

dimensionless 


SUBSCRIPTS 


Time 


Denotes  air 

Denotes  time  of  initial  evaporation 
Denotes  convection  value 


Denotes  chord  to  curve  segment 


ronrinrnTiAi 
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Subscripts  (continued) 


d 

e 

evap 

f 

fg 

g 

1 

m 

n 

o 


Denotes  design  value 

Denotes  equipment 

Denotes  evaporation 

Denotes  coolant  in  general,  or  liquid  value 
of  enthalpy  or  specific  volume 

Denotes  value  for  change  of  state  from  liquid 
to  vapor 

Denotes  generated  value  with  heat  rate,  or 
vapor  state  value  with  enthalpy 

Denotes  insulaiion 

Denotes  average  value  for  a time  interval 

Denotes  the  n-th  interval  of  time 

Denotes  external  value  for  heat  load  and 
original  value  if  used  as  a second  sub- 
script, i.e.,  Te0 


r 

Denotes 

radiation  value 

s 

Denotes 

storage  value  for  heat  rate 

t 

Denotes 

tangent  to  curve  segment 

th 

Denotes 

throat  of  nozzle 

V 

Denotes 

vapor  heat  rate 

w 

Denotes 

skin 

1,2 

Denotes 

initial  and  final  values  for  a 

time  interval;  also  denotes  upstream 
and  downstream  values  for  a nozzle 


3.  Derivation  of  Equations 

a.  External  Heat  Load  to  the  Cooled  Box 


To  determine  the  external  heat  load  by  radiation  and  free  con- 
vection to  the  cooled  box,  it  is  necessary  to  define  the  environmental  con- 
ditions of  the  compartment.  Since  no  other  cooling  is  used  in  the  compart- 
ment, and  since  most  of  the  compartment  heat  transfer  processes  are  domi- 
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nated  by  the  uncooled  equipment,  the  methods  of  Section  V are  used.  A cal- 
culation for  the  compartment  as  a whole  is  made  exactly  as  in  Section  V, 
the  only  difference  being  that  the  insulation  face  temperature  and  compart- 
ment air  temperature  are  the  results  of  principal  interest  rather  than  the 
equipment  temperature.  A plot  of  insulation  face  temperature  and  air  tem- 
perature versus  time  is  then  used  to  define  the  external  heat  load  to  the 
cooled  box  by  means  of  the  equations  which  follow.  No  additional  compart- 
ment or  equipment  characteristics  for  the  uncooled  equipment  are  required 
beyond  those  used  in  the  method  of  Section  V. 

In  keeping  with  the  practice  of  Section  V,  the  radiation  heat  load  to 
the  cooled  equipment  is  defined  by 

q£  « Aj.  hp  (T±  - Te)  (EC-1) 

where  Aj.  is  that  amount  of  the  surface  area  of  the  box  which  n sees'*  the  in- 
sulation and  therefore  exchanges  heat  with  it  by  radiation.  The  radiation 
coefficient  is  defined  as 

[(&)“- 

l(&)- 

where  the  function  of  temperatures  is  given  by  Figure  AIV-1.  The  use  of 
this  form  of  the  radiation  coefficient  for  a single  equipment  body  assumes 
that  the  surface  which  “sees**  the  insulation  is  essentially  parallel  to  it. 
The  value  of  T-j.  for  equation  (3X-1)  is  a function  of  time,  as  determined  for 
the  uncooled  equipment . The  free  convection  heat  load  to  the  cooled  equip- 
ment is  given  by 


hr  . 17  .talcd  (x~rZL~Ii) 


% - Ac  hc  <Ta  * <«-3) 

where  the  area  Ac  refers  to  the  entire  surface  of  the  cooled  box  if  it  is 
all  exposed  to  free  air  circulation.  If  some  of  the  surface  area  is  ob- 
structed from  free  air  circulation,  that  portion  is  not  included  in  Ac. 
Surfaces  facing  gaps  of  3/8-inch  width  and  less  ar-e  usually  considered  ob- 
structed when  the  gaps  are  bounded  by  other  equipments.  If  such  a gap  is 
bounded  on  the  other  side  by  the  skin  surface,  or  its  insulation,  the  heat 
transferred  across  it  should  be  estimated  as  some?; here  between  that  which 
occurs  for  free  convection  and  that  which  occurs  for  gaseous  conduction. 

To  be  conservative  the  larger  value  should  be  used.  The  convection  coef- 
ficient of  equation  (3X-2)  is  defined  as 

- (^r)(^)(*a-T.)^  (IX-U) 

The  total  external  heat  load  to  the  cooled  box  is  the  sum  of  the  radiation 
and  the  free  convection  heat  transfer  loads. 
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b.  Heat  Balance  for  the  Cooled  Box 


There  are  two  heat  balance  equations  which  apply  to  the 
cooled  equipment  box.  The  first  equatio'n  is  for  the  time  when  no  coolant 
is  being  evaporated,  as  occurs  if  the  temperature  is  less  than  that  cor- 
responding to  evaporation  pressure,  or  if  the  coolant  has  already  been  com- 
pletely used  up.  During  operation  of  this  iype,  all  of  the  heat  received 
by  or  generated  in  the  cooled  equipment  is  stored  in  the  combined  thermal 
capacities  of  the  equipment  and  the  coolant  in  the  liquid  state.  The  heat 
balance  equation  is  therefore 


(q&  + q|)  at  ■ (MgCg  + MfCf ) ATe 


OX-5) 


The  second  heat  balance  equation  applies  to  that  time  when  coolant  is 
evaporating.  The  equation  is  different  in  form  for  the  two  different  types 
of  coolant  control.  If  the  coolant  is  vented  through  a pressure  regulator, 
the  evaporation  and  equipment  temperatures  are  constant,  and  the  heat  bal- 
ance simply  equates  the  external  and  generated  heat  loads  to  the  evapora- 
tion rate  times  the  latent  heat  of  the  coolant,  giving 

- %g(4r) 

where  Hj»g  is  the  enthalpy  of  vaporization  of  the  coolant  at  the  temperature 
of  evaporation. 


If  the  coolant  is  vented  to  a constant  pressure  through  a line  which 
contains  a flow  restriction,-  such  as  a convergent  nozzle,  the  heat  balance 
is  more  complicated.  The  pressure,  and  hence  the  temperature  at  which 
coolant  evaporation  takes  place,  depends  on  the  pressure  drop  across  the 
flow  restriction,  and  this,  in  turn,  depends  on  the  evaporation  rate. 

Since  the  evaporation  rate  varies  with  external  heat  load,  the  temperature 
of  evaporation  varies,  and  equipment  and  coolant  thermal  capacities  are 
involved.  The  equations  describing  the  flow  of  saturated  steam  through  a 
convergent  nozzle  are  (e.g.  Ref.  IX-1), 

OX-7) 


for  (P2/P1)  * 0.^8,  and 


Wf 

aT3f  " 


for  (P2/P1)  >0.58. 


OX-8) 


Far  ary  given  discharge  pressure  P2  these  equations  can  be  used  to  con- 
struct a plot  of  Off/a^K)  versus  Te,  where  the  values  of  Te  are  saturation 
temperatures  for  water  vapor  corresponding  to  values  of  p]_.  A plot  of  this 
form  can  then  be  used  to  facilitate  calculation  with  the  heat  balance  equa- 
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tions.  For  other  coolants  than  water,  similar  equations  -with  appropriate 
empirical  constants  must  be  used. 

The  quantity  of  coolant  remaining  in  the  container  at  the  end  of  ary 
time  interval  during  the  evaporation  process  is  given  by 

(%2)n  - CMf2)n-1  - (att£)  Ar]n 

•where  (Wf/a-j^K)  is  found  for  the  current  interval  as  based  on  the  average 
value  of  To  during  the  interval,  and  where  n refers  to  the  current  interval, 
while  (n-l;  refers  to  the  previous  interval. 

Because  of  changes  in  pressure  and  t emperature  of  the  coolant,  it  is 
necessary  to  account  for  changes  of  coolant  enthalpy  in  both  the  liquid  and 
the  vapor  states.  To  do  this,  it  is  convenient  to  define  the  quantity  x as 
the  portion  of  the  coolant  still  within  the  container  but  in  the  vapor  state. 
Then  for  a total  container  volume  V, 

V - Mf2  (xtvf  + Vfg)  + (1  ” x)vf] 


or 

V « (vf  + x vfg)  (H-9) 

If  Vf  and  Vfg  are  evaluated  for  the  temperature  at  the  end  of  the  interval, 
or  Te2,  equation  (IX-9)  can  be  solved  for  x,  since  Mf  for  the  end  of  a time 
interval  is  known  from  the  previous  equation.  This  permits  computing  the 
enthalpy  of  all  the  coolant  in  the  container  at  the  end  of  an  interval  as 

Mf2Hc  * Uf2  (%  + x Hfg)  (EC-10) 

where  Hf  and  Hfg  are  evaluated  at  Te2 • 

The  heat  stored  in  both  the  equipment  and.  the  coolant  during  any  in- 
terval of  time  and  temperature  change  is  therefore  given  by 

(qp  4T  - [ (%>Hc)n  - + i^ce  4 1,  (DC-11) 

The  heat  escaping  with  the  vapor  during  a time  interval  is  given  by 

<9p  **  * (^c)  CathK)  Hg  M (DC-12) 

where  the  value  of  Kg  is  taken  for  the  average  temperature  of  the  interval. 

The  complete  heat  balance  for  the  cooled  equipment  box  is  therefore 
given  by 

(q£  + <lg)  at  « (qg  + q|)  at  (IK-13) 
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The  equations  developed  are  sufficient  to  describe  all  of  the  heat 
transfer  and  heat  storage  processes  occurring,  and  are  used  in  the  calcu- 
lation procedure  described  next. 


lj.  Calculation  Procedure  for  Determining  the  Temperature  Rise  of 
Equipment  Protected  by  an  Evaporative  Coolant 

a.  General  Method 

As  indicated  by  the  form  of  the  equations  developed,  it  is 
necessaiy  to  employ  a stepwise  calculation  method  for  this  temperature  rise 
evaluation.  The  calculation  method  described  here  is  based  on  the  evalua- 
tion of  heat  transfer  and  storage  rates  at  the  average  temperature  condi- 
tions of  an  interval.  A less  accurate  method  can  be  used  based  on  tempera- 
ture conditions  at  the  beginning  of  an  interval,  but  it  is  not  described 
here.  The  method  described  requires  trial  and  error  calculations,  since 
the  evaluation  temperatures  vised  are  unknown  at  the  start  of  an  interval, 
and  therefore  must  be  assumed  arid  then  checked  later.  Detailed  procedures 
and  examples  of  interval  calculations  are  given  in  the  Appendix  to  this 
Section. 


b.  Calculation  of  Compartment  Environment  Temperatures 

Before  subsequent  calculations  can  be  made  to  evaluate  the 
temperature  rise  of  cooled  equipment,  it  is  necessary  to  d etermine  the 
variation  of  skin  insulation  temperature  and  compartment  air  temperature 
with  time.  This  is  most  readily  done  by  using  the  general  calculation  pro-* 
cedure  for  evaluating  the  temperature  rise  of  uncooled  equipment,  as  given 
in  Section  V.  The  same  compartment  and  equipment  characteristics  as  indi- 
cated in  Section  V must  be  known,  and  should  be  established  based  on  the 
entire  contents  of  the  compartment  except  the  specially  cooled  items.  After 
completing  the  calculation,  a plot  is  prepared  showing  the  values  of  T^  and 
Ta  for  the  time  range  of  interest,  and  this  plot  is  used  in  the  subsequent 
calculations  for  determining  the  external  heat  load  to  the  cooled  equipment 
box.  For  further  details  of  determining  the  compartment  environment  tem- 
peratures, the  reader  is  referred  to  the  Appendix  to  Section  V. 


c.  Calculation  for  Periods  when  Ho  Coolant  Evaporates 

The  calculation  procedure  described  here  is  used  to  evaluate 
the  temperature  rise  of  equipment  which  is  protected  by  evaporative  coolant 
when  no  evaporation  is  taking  place.  This  condition  exists  during  the 
initial  heating-up  period,  when  the  equipment  has  not  yet  reached  evapora- 
tion temperature,  and  also  applies  during  the  final  period,  when  all  of  the 
coolant  has  evaporated.  Since  the  compartment  air  temperature  and  the  in- 
sulation face  temperature  have  been  determined  by  previous  calculation,  and 
plotted  in  a chart  of  Ta  and  Tj.  versus  time,  their  values  are  available  for 
suy  time  interval  of  the  calculation.  For  a selected  time  interval  for 
which  the  initial  temperature  are  known  as  Tai  and  Tj_i,  the  values  at  the 
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end  of  the  interval,  Ta2  and  Tj_2,  are  found  from  the  plot.  The  average 
values  are  then  calculated  as  T?t^i  = (Tai+Ta2)/2,  and  similarly  for  T-im»  It 
is  then  necessary  to  assume  the  only  unknown  temperature  for  the  end  of  the 
interval,  -which  is  Te2»  Tem  is  then  calculated,  and  equations  (IX-1  and 
-2)  are  used,  based  on  the  average  temperatures  for  the  interval,  to  deter- 
mine q£.  Equations  (IX-3  and  -4)  are  used  next  to  evaluate  q^.,  basing  the 
determination  of  the  quantity  ( a 1 !?-'■/  ' ^)  from  Figure  AlV-3  on  the  aver- 
age air  film  temperature  of  (Tgja+Tgja)/^.  The  value  used  as  Ar  is  that  por- 
tion of  the  surface  of  the  equipment  box  which  “sees”  the  insulation  face 
and  is  involved  in  radiant  heat  transfer.  This  value  must  be  estimated  and 
should  be  principally. restricted  to  those  surfaces  of  the  box  which  are  ap- 
proximately parallel  to  the  insulation  face  and  have  no  intervening  ob- 
structions between  them  and  the  insulation.  Surfaces  of  the  box  which  are 
approximately  perpendicular  to  the  insulation  face  are  not  very  effective 
in  radiant  heat  transfer,  particularly  when  they  are  facing  nearly  parallel 
faces  of  otter  equipments.  As  mentioned  earlier,  the  convection  area  Ac 
consists  of  the  entire  box  surface  except  those  portions  which  face  gaps  of 
3/8  inch  and  less  formed  together  with  other  equipments.  An  individually 
cooled  equipment  box  should  not  be  butted  in  direct  thermal  communication 
with  another  equipment  box,  since  it  then  receives  heat  by  thermal  conduc- 
tion from  the  other  equipment,  thus  subjecting  the  coolant  fluid  to  unin- 
tended heat  loads.  After  determining  q£  and  qi,  equation  (3X-5)  is  solved 
for  ATe,  and  Te2  is  calculated  from  the  equation 

Te2  * Tel  + ATe 

The  calculated  value  of  Te2  should  agree  within  5 or  6°R  of  the  value 
originally  assumed,  in  which  case  the  calculated  value  is  very  accurate, 
and  is  used  as  the  value  of  Te^  for  calculation  of  the  next  time  interval. 

If  this -degree  of  agreement  is  not  achieved,  the  calculated  value  of  Te2  is 
used  as  the  assumed  value  for  a second  trial,  in  which  the  entire  calcula- 
tion procedure  for  the  interval  is  repeated. 

The  calculation  just  described  is  an  easy  one,  inasmuch  as  there  is 
only  one  unknown  temperature  involved.  The  assumption  of  the  value  of  Te2 
for  an  interval  is  facilitated  by  keeping  a running  plot  of  the  values  of 
Te2,  and  extrapolating  the  plot  for  the  assumed  values.  Quite  accurate  re- 
sults can  be  expected  from  the  procedure  if  the  time  intervals  At  are  se- 
lected so  as  to  limit  the  values  of  A Te  to  a maximum  rise  of  UO°R  during 
the  interval,  when  using  this  procedure  to  calculate  the  last  time  interval 
prior  to  initial  evaporation  of  the  coolant,  the  time  interval  must  be  such 
that  the  value  of  Te2  is  the  assigned  evaporation  temperature.  This  may  re- 
quire several  trials,  '"'hen  the  procedure  is  used  for  the  period  after 
coolant  evaporation  is  completed,  the  value  of  Mf  for  equation  (IX-5)  is 
zero . 


d.  Calculation  for  Periods  of  Coolant  Evaporation  at  Constant 
Temperature 

The  calculation  described  here  applies  to  periods  of  coolant 
evaporation,  when  the  coolant  is  maintained  at  a constant  pressure.  Opera- 
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tion  under  these  conditions  is  at  constant  equipment  temperature  for  the 
cooled  box.  For  any  time  interval  both  the  initial  and  final  values  of  all 
temperatures  are  known,  making  possible  the  direct  calculation  of  and  q£ 

using  equations  (IX-1,  -2,  -3,  and  -U),  based  on  Tim  and  Tam*  Equation 
(BC-6)  is  then  solved  for  AMf,  which  c ompletes  the  interval  calculation. 
This  is  repeated  for  succeeding  intervals,  calculating  ]£  ( ALIf)n  for  each 
interval  until 


E(AMf)n  - Mf 

at  which  time  all  of  the  coolant  has  been  evaporated.  It  is  necessary  to 
find  the  length  of  the  final  evaporation  interval  by  trial  such  that  the 
coolant  is  just  used  up  at  the  end  of  the  interval.  The  calculation  gives 
very  accurate  results  for  time  intervals  selected  such  that  (T-ip-T-n  ) = 
llO°E  (or  °F). 


e.  Calculation  of  Temperature  Rise  for  Periods  of  Coolant 
Evaporation  Controlled  by  a Convergent  'Nozzle 

The  procedure  described  here  applies  to  periods  of  coolant 
evaporation  when  the  coolant  is  vented  to  a constant  pressure  region  by  a 
line  which  contains  a convergent  nozzle.  It  is  assumed  that  the  nozzle  is 
small  enough  to  offer  something  more  than  negligible  flow  resistance  to  the 
vapor  discharging  through  it.  Before  starting  the  calculation  of  the 
equipment  temperature  rise,  equations  (BC-7  and  -8)  are  used  to  construct 
a plot  of  the  function  (Wf/a^K)  versus  Te.  Since  the  vapor  is  discharged 
in  a saturated  condition,  Te  -is  the  saturation  temperature  corresponding 
to  pu  P2  is  the  constant  throat  or  discharge  pressure  of  the  nozzle.  The 
plot  is  prepared  by  evaluating  the  equations  for  a range  of  selected  values 
of  p]_,  corresponding  to  the  range  of  values  of  Te  of  interest.  The  lowest 
temperature  of  this  range  is  the  saturation  temperature  of  the  coolant  cor- 
responding to  P2«  Equations  (BC-7  and  -8)  are  applicable  only  to  the  use 
of  water  as  the  evaporative  coolant.  If  other  coolants  are  used,  equations 
for  their  flow  must  be  used  in  constructing  the  plot  of  (Wf/a^K)  versus  Te. 

The  first  part  of  the  temperature  rise  evaluation  consists  of  select- 
ing the  time  interval,  assuming  Te2 , and  determining  T^,  T^,  and  Tem. 
Equations  (IK-1,  -2,  -3,  and  -li)  are  used  as  before  to  determine  q£  and  q£. 
The  value  of  (Wf/a^K)  is  then  taken  from  the  plot  corresponding  to  Tem, 
and  Wf  is  calculated  for  the  assigned  (a-t^K)*  Since  the  throat  area  a-^  of 
the  nozzle  is  constant,  the  only  variation  of  this  product  is  due  to  change 
of  the  coefficient  of  discharge  K,  which  is  a function  of  the  Reynolds  num- 
ber of  flow.  As  an  approxination,  the  value  of  K is  assumed  constant  in 
this  procedure.  Using  Wf  and  the  value  of  Hg  for  TeE1,  q^  is  calculated 
from  equation  (EC-12). 

Equation  (EC-9)  is  used  next,  with  specific  volumes  corresponding  to 
Te2i  to  calculate  x,  the  portion  of  coolant  inside  the  container,  but  in 
the  vapor  state,  at  the  end  of  the  interval.  This  requires  using  the  value 
of  Wf  at  for  the  current  interval,  and  Uf2  for  the  previous  interval  to 
find  the  current  value  of  Ilf  2 • After  finding  x,  the  value  of  (%2^)  is 
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found  from  equation  (IX-10),  using  enthalpies  at  Te2*  Equation  ( IX— 13)  is 
then  used  with  q|.  expressed  in  the  form  of  equation  (3X-11).  This  is  solved 
for  ATe,  and  Te2  is  calculated.  This  calculated  result  should  agree  with 
the  value  of  Te2  originally  assumed.  If  not,  the  interval  calculation  is 
repeated  until  agreement  to  any  desired  degree  of  accuracy  in  ATe  is 
achieved.  The  evaporation  process  is  completed  when 

£(WfA-r)n  - Mf0 

where  Mf0  is  the  initial  value  of  Hf  for  the-  container.  When  using  this 
procedure  at  the  end  of  evaporation,  the  interval  size  must  be  found  by 
trial  such  that  the  coolant  is  just  used  up  at  the  end  of  the  interval. 

The  calculation  described  above  is  a rather  difficult  one.  The  time 
intervals  can  be  selected  only  from  experience,  and  must  be  rather  small 
when  the  plot  of  Te  vs.  t is  changing  slope  rapidly.  Otherwise  the  results 
tend  to  plot  a zig-zag  course  above  and  below  the  true  values  of  Te.  An 
example  of  an  interval  calculation  using  this  method  is  given  in  the  Appen- 
dix to  this  Section. 


-EFFECTS  OF  EQUIPMENT  CHARACTERISTICS  AMD  EVAPORATIVE  COOLANT  ON  THE  TEM- 
PERATURE RISE  OF  INDIVIDUAL  EQUIPMENTS 

1.  Temperature  Rise  of  Individual  Equipments  as  Compared  to  the 
Average 

Before  considering  the  application  of  evaporative  cooling  to  in- 
dividual equipments,  it  is  interesting  to  examine  briefly  the  temperature 
rise  of  individual  uncooled  equipments  in  an  uncooled  compartment.  This 
will  serve  to  point  out  some  of  the  important  applications  of  individualized 
evaporative  cooling.  In  Section  V methods  are  developed  and  used  to  predict 
the  average  temperature  rise  of  all  equipments  in  an  uncooled  compartment. 

It  is  obvious  that  each  equipment  item  will  not  in  general  conform  to  the 
average  temperature  rise  so  determined.  Equipments  may  have  an  unusually 
high  surface  emissivity,  a low  thermal  capacity,  a greater  than  average  heat 
generation,  or  other  factors  wiuch  cause  the  individual  temperature  rise  to 
be  greater  than  the  average.  In  order  to  study  some  of  these  effects,  cal- 
culations have  been  made  using  Procedure  A of  the  Appendix  to  this  Section. 
The  results  are  shown  in  Figure  IX-2 . The  characteristics  of  the  compart- 
ment and  the  average  characteristics  for  all  of  the  equipment  are  given  in 
the  figure. 


The  individual  equipments  studied  in  Figure  IX-2  all  consist  of  a cubic 
box,  one  foot  on  an  edge  and  having  a total  surface  area  of  six  square  feet. 
It  is  assumed  that  the  ratio  of  free  convection  to  radiation  heat  transfer 
area  is  R **  U,  which  gives  Ar  « 1.5  ft2  and  Ac  * 6 ft2.  For  a body  having 
Ar  «*  1.5  ft  the  thermal  capacity  would  be  MgCe  = 3.0  Btu/°R  if  it  conformed 
to  an  average  of  nigCg  = 2 Btu/°R-ft2.  The  plots  a and  b of  the  figure 
therefore  compare  the  temperature  rise  of  a box  having  the  average  charac- 
teristics of  all  the  equipment  with  that  of  a box  having  only  half  the  aver- 
age value  of  thermal  capacity.  With  a lower  value  of  thermal  capacity  the 
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box  can  approach  the  average  air  temperature  and  insulation  temperature  more 
closely  than  the  average  piece  of  equipment.  The  smaller  values  of  (Tj_-Te) 
and  (Ta-Te)  result  directly  from  the  fact  that  the  box  represented  ty  b 
stores  less  heat  per  unit  temperature  rise  than  that  represented  by  a. 
Therefore,  for  about  the  same  rate  of  temperature  rise  the  temperature  dif- 
ference for  heat  transfer  is  less  for  b than  it  is  for  a. 


The  plot  c represents  a box  having  the  average  thermal  capacity  but  a 
higher  than  average  surface  emissivity.  ’Thereas  the  average  value  for  the 
equipment  is  €e  * 0.2,  plot  c is  obtained  using  €e  « 0.9.  Both  cases 
assume  €j_  *»  0.1.  The  strong  influence  of  radiant  heat  transfer  on  the 
equipment  temperature1  rise  is  evident.  This  effect  would  be  more  pro- 
nounced in  a compartment  having  less  insulation,  since  T-j_  would  be  greater 
for  a given  skin  temperature.  The  plot  d represents  a box  for  which  €e  » 
0.9  and  Kece  <=  1.5  are  assumed.  In  this  case  the  individual  equipment  ex- 
ceeds the  average  equipment  temperature  by  as  much  as  70°F.  Due  to  its 
high  surface  emissivity  and  low  thermal  capacity,  the  individual  box  of 
equipment  eventually  attains  a higher  temperature  than  the  compartment  air. 
It  is  important  to  note  that  a difference  in  temperature  rise  of  as  much  as 
70°F  greater  than  the  average  can  exist  in  non  heat  generating  equipment. 
Even  greater  differences  can  therefore  be  expected  for  individual  equip- 
ments which  have  a greater  than  average  heat  generation  rate. 

From  the  above  results  it  is  concluded  that  individualized  cooling  of 
critical  equipments  has  many  possible  applications.  It  is  particularly 
applicable  where  most  of  the  equipment  items  in  a compartment  do  not  need 
cooling,  but  where  certain  critical  items  do.  An  item  may  be  critical  be- 
cause of  thermal  characteristics  which  cause  it  to  have  a greater  tempera- 
ture rise  than  the  average,  or  it  may  be  critical  in  that  it  must  be  held 
to  lower  temperature  limits  than  the  average.  The  increase  in  temperature 
rise  for  cases  b,  c,  and  d of  Figure  IX-2  is  a little  greater  than  would 
actually  occur  due  to  neglecting  the  radiation  heat  transfer  between  indi- 
vidual equipments. 


2.  General  Performance  with  a Coolant  Evaporating  at  Constant 
Temperature 

The  general  performance  in  terms  of  temperature  rise  is  shown  for 
two  cases  of  an  equipment  using  water  as  the  evaporative  coolant  in  Figure 
IX— 3.  The  characteristics  of  the  compartment  and  of  both  the  individually 
cooled  and  the  uncooled  equipments  are  given  in  the  figure.  In  this  and 
all  succeeding  figures,  the  emissivity  of  the  insulation  face  is  taken  as 
C ± * 0.10,  while  the  emissivity  of  both  the  cooled  and  uncooled  equipment 
surfaces  is  assumed  to  be  C e “ 0.20.  In  particular,  the  cooled  equipment 
is  assumed  in  the  form  of  a cubic  box,  one  cubic  foot  in  volume.  The 
coolant  is  assumed  to  be  vented  so  as  to  evaporate  at  a constant  tempera- 
ture. The  initial  temperature  of  the  equipment  and  its  coolant  is  taken  as 
U92°R  so  as  to  avoid  the  complication  of  a change  of  state  of  the  coolant 
from  ice  to  water.  This  effect  could  be  included  if  the  initial  equipment 
temperature  were  below  492°R,  but  is  omitted  here  to  avoid  unnecessary  com- 
plication. 
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From  the  figure,  it  is  seen  that  the  equipment  undergoes  an  initial 
heating  period,  where  the  temperature  rises  rapidly  due  to  the  combination 
of  radiation,  convection,  and  generated  heat  loads,  all  of  which  are  stored 
in  the  equipment  and  coolant  thermal  capacity  with  rise  in  temperature. 
During  this  initial  period  the  air  temperature  is  exceeded,  indicating  that 
the  convection  action  thereafter  gives  a cooling  effect.  As  soon  as  the 
temperature  reaches. the  saturation  temperature  for  water  corresponding  to 
the  water  pressure,  evaporation  or  boiling  of  the  coolant  starts.  The  com- 
bined heat  loads  are  then  dissipated  by  boiling  of  the  water  and  discharge 
of  the  vapor  as  long  as  the  water  lasts.  When  all  of  the  water  is  evapor- 
ated, the  equipment  temperature  rises,  since  the  heat  loads  are  again  stored 
by  the  equipment  thermal  capacity.  The  diration  of  the  boiling  or  cooling 
period  depends  on  the  amount  of  coolant  provided  and  the  magnitude  of  the 
heat  loads  to  the  cooled  equipment.  Although  one  case  has  twice  as  much 
coolant  as  the  otter,  the  duration  of  its  constant  temperature  period  is  not 
twice  as  great,  since  the  average  of  the  convection  and  radiation  heat  loads 
is  greater.  This  is  established  by  inspection  of  the  relative  positions  of 
the  T-j_,  Ta,  and  Te  plots.  It  is  interesting  to  note  that  the  extended  dura- 
tion of  the  constant-temperature  period  is  not  the  sole  benefit  of  more 
coolant.  During  the  initial  heating  period,  the  presence  of  the  greater 
amount  of  coolant  results  in  more  thermal  capacity  and  a slower  temperature 
rise. 


The  strong  effect  of  the  evaporative  coolant  is  indicated  by  comparison 
of  the  temperature  rise  plots  with  the  plot  for  perfect  insulation.  The 
latter  represents  the  same  equipment  if  it  were  provided  with  no  coolant 
and  were  perfectly  insulated  from  its  sin-roundings,  so  that  its  temperature 
rise  is  entirely  due  to  generated  heat.  The  actual  rate  of  temperature  rise 
without  any  coolant  would  be  even  greater  than  shewn  for  perfect  insulation 
because  of  external  heat  loads  to  the  equipment  box. 


3.  Effect  of  Evaporation  Temperature  on  Equipment  Temperature  Rise 

The  effect  of  evaporation  temperature  of  the  coolant  on  the  tem- 
perature rise  of  cooled  equipment  is  shown  in  Figure  DC-U.  The  characteris- 
tics of  the  compartment,  the  uncooled  equipment,  and  the  cooled  equipment 
are  given  in  the  figure . It  is  assumed  that  the  .coolant  vapor  is  vented  to 
a constant  pressure  discharge  in  a manner  which  gives  a constant  evaporation 
or  boiling  temperature  for  the  coolant.  The  same  amount  of  coolant  (water) 
is  provided  in  all  of  the  cases  shown. 


Figure  BC-lt  shows  clearly  that  the  time  required  for  the  cooled  equip- 
ment to  reach  ary  temperature  beyond  its  coolant  evaporation  temperature  is 
increased  by  using  a higher  coolant  evaporation  temperature.  This  is  prin- 
cipally due  to  the  increased  use  of  the  equipment  thermal  capacity  to  store 
heat  during"  the  initial  period  before  boiling  of  the  coolant  takes  place. 
There  is,  however,  a small  effect  due  to  a lengthening  of  the  period  of 
evaporation  at  the  higher  operating  temperatures,  when  a higher  evaporation 
temperature  is  used,  the  equipment  is  at  a higher  temperature  with  respect 
to  the  compartment  air  and  insulation  face  temperatures.  This  results  in 
less  external  heat  load  and  hence  less  heat  dissipation  to  be  provided  by 
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the  coolant.  Although  the  effect  of  the  boiling  temperature  on  the  duration 
of  the  constant-temperature  period  is  slight  for  the  cases  of  Figure  IX-U, 
it  would  be  more  pronounced  for  cases  of  a lower  heat  generation  rate.  The 
tendency  for  the  evaporation  period  to  be  prolonged  at  higher  temperatures 
due  to  the  reduced  heat  loads  may  be  partially  or  entirely  offset  by  a re- 
duction in  the  latent  heat  of  vaporization  for  the  coolant  at  higher  tempera- 
tures. 


Figure  XX-U  shows  that  in  order  to  achieve  the  longest  possible  flight 
time  for  a given  amount  of  coolant,  an  evaporation  temperature  should  be 
chosen  as  close  as  possible  to  the  maximum  allowable  temperature  for  the 
equipment.  Since  many  equipments  have  a useful  operating  life  that  is  af- 
fected inversely  by  temperature  even  when  below  the  maximum  allowable  tem- 
perature, the  principle  must  be  applied  with  caution.  An  optimum  utiliza- 
tion of  the  coolant  occurs  when  the  useful  life  of  the  equipment  expires  at 
the  end  of  the  coolant  evaporation  period.  This  optimum  condition  is  an 
ideal  which  cannot  be  realized  for  equipments  except  at  great  risk  in  the 
operating  reliability.  In  actual  practice,  an  evaporation  temperature 
should  be  chosen  such  that  the  useful  life  of  the  equipment  at  that  tem- 
perature somewhat  exceeds  the  duration  of  the  evaporation  period.  As  the 
factor  of  safety  in  this  regard  is  increased,  the  efficiency  in  the  use  of 
a given  amount  of  coolant  is  reduced. 

It  may  sometimes  be  desired  to  cool  several  items  of  equipment  by  ap- 
plication of  an  evaporative  coolant:  If  it  is  desired  to  use  different 

evaporation  temperatures  but  the  same  common  line  for  vapor  discharge, 
special  pressure  regulators  must  be  used  in  the  branches  of  this  line  lead- 
ing from  the  equipments  which  operate  at  the  higher  temperatures.  The  main 
discharge  line  is  then  vented  through  a regulator  to  a pressure  which  per- 
mits achieving  the  lowest  evaporation  temperature  of  interest.  In  this  way 
it  may  be  possible  to  reduce  the  length  and  size  of  piping  from  tliat  which 
would  be  required  if  each  cooled  equipment  would  have  a separate  vapor  dis- 
charge line. 


Effect  of  Heat  Generation  Rate  of  the  Cooled  Equipment 

The  effect  of  heat  generation  by  the  cooled  equipment  on  its  tem- 
perature rise  for  a given  amount  of  coolant  is  shown  in  Figure  IX-5»  The 
coolant  is  water,  vented  so  as  to  evaporate  at  a constant  temperature  of 
710°R.  The  characteristics  of  the  compartment,  the  cooled  equipment,  and 
the  uncooled  equipment  are  shown  in  the  figure. 

As  might  be  expected,  in  the  cases  with  a higher  heat  generation  rate 
the  coolant  is  used  up  in  a shorter  time.  It  should  be  noted,  however,  that 
there  is  no  direct  relationship  between  the  time  the  coolant  is  all  used  and 
the  heat  generation  rate.  This  is  due  to  the  varying  effect  of  the  external 
heat  loads  as  the  heat  generation  rate  is  changed.  For  example,  in  the  case 
where  q*  ■ 0 the  equipment  temperature  is  always  well  below  both  the  com- 
partment air  temperature  and  the  insulation  face  temperature,  indicating  a 
substantial  external  heat  load.  In  the  case  where  q^  ■ 3I4.I3  Btu/hr  the 
equipment  temperature  is  usually  above  the  air  temperature,  indicating  some 
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cooling  due  to  convection.  Since  the  external  heat  load  is  a substantial 
portion  of  the  total  heat  load  in  cases  -with  lower  heat  generation  rates, 
its  variability  precludes  the  use  of  any  simple  and  direct  method  of  de- 
termining coolant  requirements.  It  is  therefore  necessary  to  use  a design 
procedure  involving  trial  and  error  calculations,  as  discussed  later  in 
this  Section.  It  should  also  be  noted  from  Figure  IX-5  that  the  tempera- 
ture plot  during  the  initial  heating  period  may  be  one  of  increasing  or  de- 
creasing rate  of  temperature  rise.  This  variability  must  be  accounted  for 
in  a design  procedure,  since  the  initial  heating  period  is  a significant 
portion  of  the  total  flight  time. 


5.  Effect  of  Using  a Convergent  Nozzle  to  Control  the  Evaporation 


The  effect  of  using  a convergent  nozzle  to  control  the  coolant 
evaporation  temperature  is  shown  in  Figure  IX-6.  Characteristics  of  the 
compartment,  the  cooled  equipment,  and  the  uncooled  equipment  are  shown  in 
the  figure.  Water  is  used  as  the  coolant,  and  the  product  a-j^K  for  the 
nozzle  is  assumed  to  be  constant.  For  the  two  nozzle  sizes  shown,  it  is 
assumed  that  the  discharge  pressure  is  always  3*718  lb/in?  abs.  This  gives 
an  initial  boiling  temperature  of  6lO°R. 

To  consider  either  nozzle,  as  boiling  begins  the  discharge  of  vapor 
through  the  nozzle  causes  a build-up  of  pressure  on  the  upstream  side.  This 
requires  that  the  temperature  of  the  coolant  and  the  equipment  rise  so  that 
evaporation  may  continue.  This  temperature  rise  proceeds  quite  rapidly  un- 
til the  upstream  pressure  to  the  nozzle  is  great  enough  that  the  vapor  dis- 
charge rate  and  consequently  the  heat  dissipation  rate  is  enough  to  flatten 
out  the  temperature  plot.  The  temperature  then  rises  more  slowly  as  the 
external  heat  load  rises,  until  all  of  the  coolant  is  boiled  away.  It  is 
seen  in  the  figure  that  the  temperature  level  at  which  the  slower  tempera- 
ture rise  takes  place  is  determined  by  the  nozzle  size.  A smaller  nozzle 
requires  greater  upstream  pressure  to  discharge  vapor  at  a given  rate,  thus 
requiring  a higher  operating  temperature  for  similar  cooling  effects. 

Figure  IX-6  also  shows  a comparison  of  performance  for  the  nozzle- 
controlled  vapor  discharge  with  that  for  constant  pressure  evaporation.  The 
lower  plot  is  for  constant  temperature  evaporation  at  6lO°R,  which  is  the 
temperature  where  evaporation  begins  for  the  nozzle-controlled  cases.  The 
upper  plot  represents  constant- temperature  evaporation  at  71i!°R,  which  is 
the  point  of  coolant  exhaustion  for  the  smaller  nozzle.  These  four  plots 
illustrate  the  same  principle  as  was  seen  in  Figure  IX-li.  The  coolant  lasts 
longer  if  it  is  used  to  dissipate  heat  at  a higher  temperature.  Further, 
added  use  is  made  of  both  the  equipment  and  the  coolant  thermal  capacity  in 
the  course  of  heating  to  greater  evaporation  temperatures.  Since  all  of  the 
cases  of  Figure  IX-6  have  the  same  amount  of  coolant,  the  end  points  of  the 
periods  of  coolant  evaporation  indicate  directly  the  merits  of  the  higher 
operating  temperatures  from  a coolant  standpoint.  From  the  standpoint  of 
equipment  reliability,  as  discussed  earlier,  operating  at  lower  temperatures 
may  be  mandatory. 
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It  should  be  pointed  out  that  while  the  convergent  nozzle  is  a simple 
control  device,  a pressure  regulator  is  also  simple  and  quite  reliable. 
There  seems,  therefore,  little  reason  to  use  the  nozzle-control  method  in 
preference  to  the  constant-pressure  method.  This  is  particularly  true 
since  there  is  but  little  difference  in  flight  time  afforded  for  a given 
amount  of  coolant  when  the  average  operating  temperatures  for  the  cooled 
equipment  are  comparable  in  the  two  control  methods. 


DESIGN  PROCEDURE  AND  EXAMPLE  FOR  DETERMINING  THE  AMOUNT  OF  COOLANT  TO  USE 

A design  procedure  and  design  example  are  given  here  for  the  determi- 
nation of  the  amount  of  coolant  required  in  an  application  of  individualized 
evaporative  cooling.  This  procedure  assumes  that  the  suitability  of  in- 
dividualized cooling  has  already  been  established,  and  that  the  coolant  to 
be  used  has  been  selected.  Section  XI  discusses  the  general  problem  of 
selecting  cooling  systems  and  should  be  consulted  to  determine  if  this 
system  is  suitable  before  applying  the  design  methods  used  here.  The  se- 
lection of  an  evaporative  coolant  is  dependent  on  many  suitability  criteria 
such  as  latent  heat  of  evaporation,  dielectric  strength  and  freezing  point. 
For  an  extensive  discussion  of  these  and  other  factors  the  reader  is  re- 
ferred to  Reference  (IX-3)«  The  procedure  and  example  given  here  are  con- 
fined to  the  case  of  coolant  evaporation  at  a constant  temperature. 


1.  General  Description  of  the  Procedure 


It  should  be  recalled  that  the  temperature-time  plot  for  an 
equipment  protected  by  evaporative  coolant  consists  of  three  parts  as 
shown  in  Figure  IX-7.  This  design  procedure  neglects  the  final  part  after 
all  of  the  coolant  has  evaporated,  and  assumes  that  it  is  desired  to  select 
the  proper  amount  of  coolant  to  evaporate  at  a particular  temperature  and 
last  to  a designated  time. 


Although  the  general  shape  of  the  temperature-time  plot  and  the  design 
time  are  known,  the  point  of  initial  evaporation  b is  unknown,  and  must 
be  assumed.  After  assuming  this  point,  it  is  possible  to  calculate  approxi- 
mately the  amount  of  coolant  required  to  dissipate  the  heat  loads  during  the 
constant  temperature  portion  of  the  flight  by  using  equation  (IX-6)  in  the 
form 


Mf 


(q£  + qg)(%  - Tb) 

Hfg 


( EC-14) 


and  basing  the  evaluation  of  q^  on  Tevap  and  and  Ta  at  ('%+'%  )/2.  The 
determination  of  the  amount  of  coolant  required  to  give  the  temperature  rise 
indicated  before  point  b is  somewhat  more  involved.  It  was  noted  in  con- 
nection with  Figure  IX-5  that  the  first  portion  of  the  plot  may  be  either 
concave  or  convex  upward.  This  presents  a difficulty  in  determining  an  ap- 
propriate average  equipment  temperature  to  represent  the  equipment  in  cal- 
culating the  external  heat  load.  The  method  used  is  based  on  the  geometric 
principle  that  a curved  line  segment  of  this  type  must  lie  between  a chord 
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Figure  DC-7.  Schematic  Temperature-Time  Plot 

to  the  segment  and  a tangent  to  the  segment  at  either  of  its  ends.  The 
equation  of  the  chord  line  for  the  example  of  Figure  DC-7  is  simply 

*=»  - (-Ve- V)TtTeo 


The  tangent  line  for  the  end  of  the  segment  at  b requires  calculating  q^  as 
based  on  Tevap  and  T^  and  Ta  sit  and  is  given  by 

m _ (q£  + qpfab  - 

Tt  ■ Tevap  (MeceS+  Mfcf ) 


It  is  next  assumed  that  the  true  equipment  temperature  lies  halfway  between 
TCk  and  and  that  the  average  of  all  such  values  appropriate  for  deter- 
mining q^  in  the  initial  heating  period  occurs  at  r - When  this  is 

done  the  coolant  required  for  the  initial  heating  period  is  given  approxi- 
mately by 


fag  * qp^b  ^ece 

cf^evap  " ^eo^  cf 


(DC-15) 


If  all  of  the  assumptions  made  in  this  design  procedure  were  fulfilled. 
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and  if  the  point  b -were  assumed  at  its  true  time,  the  value  of  % determined 
by  equation  (BC-15)  would  agree  with  that  found  by  equation  (IX-lli).  When 
they  do  not  agree,  it  is  necessary  to  assume  a new  point  b and  recalculate 
until  substantial  agreement  of  Mf  is  reached.  If  the  Mf  of  equation  (DC— 1£) 
is  greater  than  that  of  equation  (IX-liO  b should  be  moved  to  the  left,  and 
conversely.  When  agreement  in  values  of  is  reached  the  calculation  pro- 
cedure of  the  Appendix  to  this  Section  (Procedures  A and  B)  are  used  to  ob- 
tain an  accurate  temperature  rise  evaluation  as  a check.  If  the  desired 
performance  is  not  achieved,  slight  alterations  in  the  amount  of  coolant  can 
be  made  for  recalculation,  although  this  is  usually  not  necessary. 


2.  Design  Example 

An  example  of  the  use  of  the  above  procedure  is  given  here.  The 
example  is  used  to  select  the  amount  of  coolant,  using  water,  for  the  case 
plotted  with  Tevap  ■ 910°R  in  Figure  IX-4*  This  will  permit  a comparison  of 
the  amount  of  coolant  determined  by  the  design  procedure  with  that  amount 
which  is  known  to  give  the  performance  desired. 


Compartment  Characteristics: 

constant  skin  temperature  T^.  = 1355°R 
compartment  air  pressure  & «*  2.5 

skin  insulation  of  rock  wool,  at  initial  temperature  conditions 
Uf  * 0.6  Btu/hr-ft2-°E 

insulation  face  emissivity  = 0.10 

Uncooled  Equipment  Characteristics: 

thermal  capacity  mgCg  * 2JD  Btu/°R-ft2 

no  heat  generation,  qg  * 0 Btu/hr-ft2 

surface  emissivity  £e  = 0.2 

ratio  of  free  convection  to  radiation  heat  transfer  area  R = 4 
Cooled  Equipment  Characteristics: 
heat  generation  q^  « 3413  Btu/hr 
coolant  evaporation  temperature  Tevap  = 910°R 
latent  heat  of  coolant  H^g  = 774.5  Btu/lb 
thermal  capacity  Mece  = I4.6  Btu/°R 

surface  area  of  equipment  for  free  convection  heat  transfer 


Ull 

f*^kfFIMNTIAt 


WABO-TR  53-114 


a 


Ac  « 6.D  ft2 

surface  area  of  equipment  for  radiation  heat  transfer  Ar  « 3*96  ft2 
surface  emissivity  €e  “ 0»20 
Design  Performance: 

Equipment  is  initially  at  i#2°R. 

Water  must  last  for  a flight  time  of  156  minutes. 

Calculation: 

The  compartment  air  and  insulation  face  temperatures  are  calculated 
as  explained  in  the  Appendix  to  this  Section.  The  results  of  such  a 
calculation  are  plotted  in  Figure  XJC— Ij.  and  are  used  in  the  example  be- 
lovr. 

1*  Assume  the  time  at  which  point  b occurs. 


2.  Get  T^  and  Ta  at  ('rb+Td)/2 


^ - 1.333  hr 


3. 


(V^/2  - (1.33+2 .6)/2 


Calculate  q£  as  based  on  Tev„p, 
the  Appendix  to  this  Section). 


Li> 


« 1.965  hr 

or  118  min 

Ti  » 982°R 
Ta  - 8l*5°R 

and  Ta  (details  are  given  in 


q^  « - 312  Btu/hr 

(the  negative  sign  indicates  heat  flow  from  the  equipment  to  the 
environment) 


li.  Calculate 

(qj,  + qp(Td  - Tb) 

% Hig 

h£l  . 5.08 


5*  Get  T^  and  Ta  at  b 


Ul2 
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Ti  « 920°R 
Ta  * 765°R 


6. 


Calculate  q£  as  based  on  Tevo. 
in  the  Appendix  to  this  Sectii 


Li> 


and  Ta  at 


b (details  are  given 


q^  = -1165  Btu/hr' 


7.  Calculate 

„ _ m (<>0  + 

t "evap  (Mece  + L%cf) 


at  r = (Tb)/2 


T -in  C-1165+3U13)(.667)  ^.tv, 

Tt  " 910  - 0T.6+575J  75U^ 

8 . Calculate 

Tch  “ ("Tb“~T~°)  T + Teo  at  T “ < V2> 

Tch  * -9-~£-2-  + h92  , 7oi°R 


9.  Calculate  Te  - (Tch  + Tt)/2 

Te  = 728°R 

10.  Get  Tj_  and  Ta  at  r ■ (1^/2) 

= 835°R 
Ta  « 663°R 

11.  Calculate  q^  based  on  T^,  Ta,  and  Tg  froni  step  9 (details  are 
given  in  the  Appendix  to  this  Section) 


12 . Calculate 


Mj 


fog  + qc>b 

°f^evap  ” ^eo^ 


q£  * -359  Btu/hr 


^ece 

cf 


Mf 


5.15  lb 


Since  the  values  of  step  12  and  step  4 are  in  close  agreement,  the  pro- 
cedure need  not  be  repeated,  and  the  average  of  the  two  values  Mf  «=  5.12  lb 
can  be  used.  Since  this  example  was  based  on  the  case  of  TgVap  « 910°R  in 
Figure  IX-4,  it  is  apparent  that  the  design  procedure  is  quite  accurate  in 
spite  of  the  simplifying  assumptions  used.  As  compared  to  the  actual  value 
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of  Mf  - 5 lb,  the  design  value  of  « 5.12  lb  is  in  error  by  only  2.5  per- 
cent. 


Some  of  t'he  calculation  labor  of  the  foregoing  procedure  can  be  elimi- 
nated by  using  the  tangent  to  the  plot  of  the  initial  heating  period  at  Teo 
instead  of  at  b.  The  equation  for  this  line  need  not  be  recalculated  for 
successive  values  of  b.  It  has  been  found  by  experience,  however,  that  this 
gives  less  accurate  results  than  the  procedure  above. 


APPENDIX  TO  SECTION  IX 

1.  Calculation  Procedures 

Calculation  procedures  and  example  calculations  are  given  here  for 
the  interval  calculations  required  to  evaluate  the  temperature  rise  of 
equipment  protected  by  evaporative  coolant.  The  procedures  apply  to  indi- 
vidually cooled  items  only,  and  it  is  assumed  that  these  items  are  located 
in  a compartment  where  there  are  no  other  cooling  methods  employed.  The 
procedures  also  apply  only  where  the  individually  cooled  equipments  repre- 
sent a small  portion  of  the  total  contents  of  the  compartment. 

The  determination  of  the  compartment  air  temperature  and  the  insulation 
face  temperature  is  cb  ne  by  the  general  calculation  method  in  the  Appendix 
to  Section  V,  and  is  not  repeated  here.  Figure  1X-8  shows  the  environment 
temperatures  determined  by  such  a calculation,  using  the  general  compartment 
and  equipment  characteristics  listed  in  the  figure.  This  plot  is  used  as 
the  basis  for  calculating  the  external  heat  loads  to  the  equipment  with 
evaporative  coolant  in  all  of  the  subsequent  examples. 


Procedure  A:  Calculation  for  Periods  when  no  Coolant  Evaporates 

Given  Data: 

compartment  and  uncooled  equipment  characteristics  as  shown  in 
Figure  IX-8 

thermal  capacity  of  cooled  equipment  MgCe  a 1|.6  Btu/°R 
heat  generation  of  cooled  equipment  q^  * 3^13  Btu/hr 
weight  of  coolant  (water)  Mf  ■ 5.0  lb 

p 

total  surface  area  of  box  available  to  free  convection  Ag  » 6.0  ft 

p 

total  surface  area  of  box  available  to  radiation  Ar  « 3*96  ft 
surface  eraissivities  - 0.10,  €e  * 0.20 

characteristic  dimension  of  cooled  box  L ■ 1 ft 

UlU 
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compartment  pressure  £ - 2.5 
Tei  ■ 492 °R  rrhen  r ■ 0 

1.  Select  x and  assume  Te2 

2.  Calculate  Tem  » Tel  * Te2 


t ■ 0.0831;  hr 
Te2  - 525.59R 


Tem  “ 508 .7°R 


3.  Get  Ti;L,  T^,  and  from  Figure  32-8, 


U*  Calculate  T 


Til  + Ti2 


xm 


and  T 


- 731°R 
Tjq,  - 55l°R 

- 7U3°H 
T^  - 565°R 

Tal+Ta2 


am 


737°H 


xini 
Tam  . 5S8°E 

5.  Calculate 

hj.  » 17  .lpclO”^  ^ b 

6i  £e 

taking  B from  Figure  AIV-1  based  on  and  Teitt 
hp  - 17 .IpcloAx. 0715x1000  « 0.121;  Btu/hr-ft2-°R 

6.  Calculate  q£  - Vr^im  “ Tem> 

« .12bdpc228.3  ■ 113*2  Btu/hr 

7.  Calculate  (Tarp+Tem)/2  and  get  ( a ' L^A/  at  this  mean  tempera- 

ture from  Figure  AIV-3. 

^ .0.2832 


\i/k 


8.  Calculate  ^ - (*^)(^)  (Tanl-Tem)] 

hc  m .02 832x1. 58x49. 3^  - 1.185  Btu/hr-ft2-°R 
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Calculate  q^. 

“ ^cAc^am  “ ^em^ 

= 1.185x6x49.3  *»  350  Btu/hr 

Calculate  q^ 

* + ‘Ic 

q^  = 463.2  Btu/hr 

Get  c^  at  Tem 

from  Figure  IX-9. 

c^  - 1.00  Btu/lb-°R 

Calculate 

at  = 

(Jece  +Mfcf ) 

A*.  = . 33.7% 

13.  Calculate  Te2  * Te]_  + ATe 

Te2  = 525.7°R 

This  result  should  agree  with  the  value  assumed  in  step  1 within 
6°R,  otherwise  repeat  the  calculation,  using  the  calculated  value 
as  the  assumed  value  in  the  next  trial. 


The  value  of  Mf  is  taken  as  zero  if  no  coolant  is  present,  as,  for 
instance,  during  tile  period  after  all  of  the  coolant  has  evaporated 


Procedure  Bs  Calculation  for  Periods  of  Coolant  Evaporation  at  Con- 
stant Temperature 

Given  Data: 

All  data  are  the  same  as  in  Procedure  A.  In  addition,  the  coolant 
(water)  is  vented  such  that  its  boiling  temperature  is  710°E. 

enthalpy  of  vaporization  at  710°R  Hfg  * 945*5  Btu/lb 

Steps  1 through  10  are  identical  to  Procedure  A,  except  that  Te  is  con- 
stant. Making  the  calculation  for  q*,  as  based  on  the  time  interval 
from  t » 0.^935  hr  to  t = .75  hr  gives  q£,  = -156  Btu/hr  as  the  result 
to  step  10. 

11.  Calculate  AIL>  » * ^0) 

a Mr  - - o.aib 


U17 
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12. 


Calculate  £(Al%)n  £°r  i*16  n intervals  calculated  during  evapora- 
tion, ending  with  the  current  one . Tnen  the  sum  equals  Mf  of  the 
given  data  the  evaporation  process  is  completed. 


Procedure  C:  Calculation  of  Temperature  Rise  for  Periods  of  Coolant 

Evaporation  Controlled  by  a Convergent  i-.ozzle 

Given  Data: 

All  data  are  the  same  as  in  Procedure  A.  In  addition,  the  coolant 
is  vented  such  that  the  initial  boiling  temperature  is  6lO°R.  The 
discharging  coolant  vapor  passes  through  a convergent  nozzle  for 
which  (a^K)  = 0.003  in2 . Data  on  the  properties  of  steam  and 
■water  are  taken  from  Reference  (IK-2). 

Volume  of  coolant  container  V «=  .081?  ft^ 


Part  1:  Determination  of  the  Nozzle  Performance  Curve 

Given  Data: 

P2  *=  3.716  lb/in2 

1.  Select  a value  of  pi  > P2  at  desired  intervals 

Pp  **  4.519  lb/in2 

2.  Get  Vp  corresponding  to  saturated  steam  at  pp  from  a chart  or 
steam  tables . 


з. 

и. 

5. 


6. 


v-^  » 80.64  ft^/lb 

Get  Te  as  the  saturation  temperature  corresponding  to  p^ 


Calculate  (P2/P1) 


Te  * 6l8°R 


(p2/Pi)  * *08224 


If  (P2/P1)  ^ 0.58,  calculate 


■ 70S^ 

/(§) 

:®“  - 

Tff 

athK 

• 214  lb/hr-in2 

If  (p2/p^)  “ 0.58  calculate  (Wf/athK)  = 1080y(^7^) 


WADC-TR  53-114 


419 


L 


irUIIPIULNIIXT 
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t - <, 


»r 1 Vr  * lb/hr-in^ 

athK  

7*  Plot  (Wjf/a^jjK)  vs.  Te 

This  procedure  is  repeated  to  cover  the  range  of  values  of  Te  of 
interest.  The  plot  is  shown  in  Figure  DC-10,  and  used  in  Part  2 
given  below. 


Part  2:  Evaluation  of  Equipment  Temperature  Rise 


' Given  Data: 


Vaporization  has  just  started,  so  that  « 5 lb  at  the  beginning 
of  the  interval,  and  Te]_  * 6lO°R 


Steps  1 through  10  are  identical  to  those  of  Procedure  A.  Calcu- 
lation for  the  interval  from  t ■ .308  hr  to  t » *333  hr  gives  the 
external  heat  load  as  q£>  * 91  Btu/hr  (assuming  ATe  ■ 8°) 

11.  Get  (Wf/a^K)  for  Tem  and  calculate  Wj 

at  6lii°R,  (Wf/a^-^C)  » 161;  lb/hr-in^ 

"Wf  ■ l6Ipc.003  ■ .U92  lb/hr 


12.  Get  Hg  from  steam  tables  at  Tem  and  calculate  q^.  • 

Hg  - 1128  Btu/lb 
q^  - .U92xll28  - 553  Btu/hr 


13.  Calculate  (Mf  2 )n  “ (l^)n-i  - [iT-f  where  n denotes  current 

interval,  rv-1  denotes  previous  interval. 

(%2)n  “ 5-.U92x.025  ■ U.988  lb 

Hu  Get  Vj*  and  Vfg  at  Te2  and  calculate 

„ _ V - %2  vf 

vf  • .01638  ft3/lb 
vf  - 79.2  ft3/lb 
„ _ . 0817 -U.988x. 016 38&  _ i.„nr,-7 

x — liim'xw:?  14x10 

15.  Get  and  H^g  at  Te2  from  steam  tables,  and  calculate 

Hf2IJc  * Mf2(%  + x Hfg) 


uao 
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Hf  - 126.6  Btu/lb 
Hfg  - 1003  Btu/lb 

(MfgHj,)  - 14.988x126.7  - 631  Btu 

16.  Calculate  AO^)  - [(Uf2*fe>n  - 0^^)^] 

A(% 2Hc)  - 631  - (5x118.6)  * 38  Btu 

17.  Calculate 

[«i  + - «tiy  at  - A'Ofciy 

e " Ve 

Te  . .-J8  . 7.8^ 

18.  Calculate  Te2  » Tel  + ATe 


Te2  « 617. 8°R 

This  must  agree  with  the  value  assumed  in  step  1,  otherwise  repeat 
the  procedure  to  convergence  of  the  assumed  and  calculated  values. 
The  value  of  Te2  thus  determined  is  the  value  of  Te^  for  the  next 
interval. 
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SECTION  X 


' TEMPERATURE  RISE  CF  EQUIPMENT  COMPONENTS  WITH  INSULATION 
AND  WITH  CR  WITHOUT  EVAPORATIVE  COOLANT 

By  T.  C.  Taylor  and  Y.  H.  Sun 


One  method  which  can  sometimes  be  used  to  limit  the  temperature  rise 
of  individual  equipment  components  is  to  cover  them  with  insulation.  In 
this  way  the  individual  component  is  partially  protected  from  external 
heating  effects.  Insulation  used  for  this  purpose  is  to  be  distinguished 
from  that  used  on  the  aircraft  skin  to  protect  all  of  the  equipment  in  the 
compartment.  This  more  general  use  of  insulation  is  discussed  in  Section  V. 
The  individual  application  of  insulation  provides  no  cooling  effect,  and 
therefore  has  limited  value  in  cases  where  the  individual  component  con- 
sidered generates  heat.  In  such  cases  the  insulation  m ay  hinder  the  normal 
cooling  effects  of  free  convection  somewhat.  Since  insulation  and  evapora- 
tive cooling  are  both  applicable  to  individual  components,  they  can  be 
studied  in  some  applicatio  ns  using  both  to  determine  whether  it  is  better 
to  use  one  or  the  other.  Methods  are  developed  in  this  Section  to  evaluate 
the  temperature  rise  of  individual  equipments,  using  insulation  both  with 
and  without  evaporative  cooling.  The  analysis  is  in  both  cases  confined  to 
the  operation  of  such  individual  components  in  compartments  which  are  not 
cooled.  The  methods  are  general  and  applicable  to  the  use  of  any  insula- 
tion effect  far  which  the  physical  and  thermal  properties  are  known.  Any 
evaporative  coolant  may  also  be  used,  provided  its  thermal  and  physical 
properties  are  known  and  provided  it  boils  at  a constant  temperature  when 
held  at  constant  pressure  during  boiling.  Because  of  the  many  independent 
variables  present  in  the  use  of  both  individual  insulation  and  evaporative 
coolant,  no  attempt  is  made  to  determine  exact  limits  of  applicability  of 
these  methods  or  to  explore  all  of  their  independent  and  combined  possi- 
bilities. Rather,  stress  is  laid  on  the  development  of  a suitable  analyti- 
cal method  which  the  reader  may  apply  to  the  smaller  range  of  possible  ap- 
plications of  interest  to  Mm. 


SUMMARY 

The  use  of  insulation  is  considered,  as  applied  to  individual  com- 
ponents for  a means  of  protection  against  excessive  temperature  rise.  Cases 
are  studied  in  which  the  insulation  is  the  only  protective  means  as  well  as 
cases  in  which  the  component  is  also  cooled  by  an  evaporative  coolant.  It 
is  assumed  that  the  components  thus  protected  are  located  in  compartments 
containing  other  unprotected  equipment  components.  These  other  equipments 
are  assumed  to  dominate  the  heat  transfer  processes  of  the  compartment,  and 
thus  determine  the  environmental  temperatures  to  which  the  specially  pro- 
tected components  are  subjected.  Where  an  evaporative  coolant  is  used,  it 
is  controlled  so  as  to  evaporate  at  constant  temperature.  The  external  heat 
loads  to  the  equipment  are  assumed  to  consist  entirely  of  free  convection 
and  radiation  heat  transfer.  The  thermal  capacity  of  both  the  skin  insula- 
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tion  and  the  compartment  air  is  neglected,  but  the  thermal  capacity  of  the 
coupon* nt  insulation  ia  included  in  the  analysis.  It  is  assumed  that  a 
reflective  outer  face  is  used  on  the  component  insulation  to  reduce  the 
radiant  heat  load. 

Equations  are  given  to  describe  the  external  heat  load  by  radiation  and 
free  convection.  Equations  are  then  presented  to  describe  heat  conduction 
through  the  component  insulation,  allowing  for  the  thermal  capacity  of  that 
insulation  and  its  resulting  heat  absorption  with  rising  temperature.  An 
equation  is  also  given  based  on  the  Methods  of  Section  H to  describe  the 
evaporation  rats  when  an  evaporative  coolant  is  used.  Calculation  proce- 
dures are  developed  which  employ  these  equations  in  a step-wise  application 
to  evaluate  the  temperature  rise  of  an  individually  insulated  component, 
either  with  or  without  the  added  protection  of  an  evaporative  coolant. 

A number  of  calculation  results  are  given  to  show  the  temperature  rise 
of  individual  components  which  are  insulated.  Other  results  are  shown  for 
oases  in  which  evaporative  coolant  ia  used  together  with  insulation.  In 
these  cases  the  insulation  is  used  to  replace  a portion  of  the  coolant  equal 
in  volume  to  that  of  the  insulation.  The  salient  conclusions  based  on  the 
results  of  these  calculations  are  summarised  as  follows: 

1.  The  application  of  insula  tion  to  a non-heat  generating  component 
reduces  the  temperature  rise  of  the  component  by  an  amount  which 
is  approximately  proportional  to  the  thickness  of  the  insulation. 

Za  one  particular  case,  the  use  of  1/2  in.  of  36-lb/ft^  asbestos- 
felt  insulation  reduces  the  temperature  rise  of  the  component  so 
that  it  is  approximately  ?0°F  below  the  temperature  of  a similar 
component  without  special  insulation  during  most  of  a flight  of 
220  minutes  duration.  Since  both  components  are  initially  at  the 
same  temperature,  some  time  ia  required  to  establish  the  tempera- 
ture difference.  A significant  portion  of  this  reduction  of  tem- 
perature rise  is  due  to  the  insulation  thermal  capacity  as  dis- 
tinguished from  its  insulating  effect.  The  use  of  insulation  on 
heat  generating  components  may  be  inadvisable,  since  the  insulation 
hampers  the  free  convection  cooling  effect  when  the  component  is 

at  a higher  temperature  than  the  compartment  air. 

2.  Asbestos  insulation  should  not  be  used  to  replace  water  as  an 
evaporative  coolant  on  an  equal  volume  basis.  The  reduction  in  ex- 
ternal heat  load  due  to  the  insulation  is  not  sufficient  to  replace 
the  loss  in  cooling  capacity.  Therefore  the  remaining  coolant  is 
used  up  in  a shorter  flight  time  than  if  all  of  the  available  volume 
of  insulation  and  coolant  were  used  for  coolant  alone.  This  con- 
clusion holds  for  both  heat  generating  and  non-heat  generating  ca*- 
ponents.  In  the  case  of  the  former,  the  reduction  in  flight  time 
resulting  from  replacing  some  of  the  coolant  with  insulation  is 
mors  ssvsrs.  From  the  standpoint  of  space  requirements,  use  of 
evaporative  coolant  is,  therefore,  a mere  affective  means  of  pro- 
tecting components  against  excessive  temperature  rise  than  insula- 
tion. It  is  emphasised  that  this  conclusion  is  based  on  the  study 
of  asbestos  insulation  and  water  as  evaporative  coolant.  Some 
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operating  conditions,  snob  as  an  extremely  lev  Initial  iMptritut 
or  need  for  good  dielec  trie  properties  may  prevent  the  use  of  -eater 
as  an  evaporative  coolant*  In  such  eases  it  i say  he  necessary  to 
use  a'  coolant  having  a ouch  lover  ratio  of  latent  heat  to  volnae 
than  that  of  water,  giving  a smaller  valne  of  cooling  effect  per 
unit  volume  of  coolant*  It  is  therefore  possible  that  in  that 
case  the  use  of  individual  insulation  would  be  more  effective  than 
the  use  of  coolant  on  a unit  volume  basis* 

3*  The  use  of  individual  insulation  instead  of  evaporative  coolant 
where  the  former  can  provide  satisfactory  protection  has  three 
significant  advantages*  First,  the  insulation  requires  no  control 
apparatus  or  piping,  thus  does  not  require  the  use  of  compart- 
ment space  for  these  items*  Second,  the  simple  nature  of  the  in- 
sulation insures  absolute  operational  reliability.  Third,  the  in- 
sulation can  usually  be  applied  externally  without  substantial  al- 
terations to  the  design  of  the  protected  component*  A proper  ap- 
plication of  evaporative  coolant,  on  the  other  hand,  requires  that 
the  component  and  coolant  container  be  integrally  designed  so  as 
to  insure  good  cooling  effect  by  means  of  adequate  thermal  con- 
ductance between  all  parte  of  the  component  and  the  coolant*  If 
the  component  is  to  be  cooled  by  immersion,  the  container  must  bo 
properly  designed  to  give  adequate  coolant  sealing  effects  without 
interfering  with  component  operation.  This  is  a method  not  as 
easily  applied  to  existing  equipments,  or  problems  of  modification, 
as  is  insulation. 


ANALYSIS 

1.  Assumptions  for  Analysis 

As  in  the  analysis  of  components  protected  by  evaporative  coolant 
of  Section  IS,  it  is  assumed  here  that  the  components  considered  for  special 
analysis  are  a small  portion  of  all  the  equipment  in  a compartment.  The 
environment  temperatures  of  the  compartment  are  therefore  assumed  to  be 
established  by  all  of  the  other  equipments,  and  these  temperatures  are  used 
in  determining  the  external  heat  loads  to  the  special  equipments  considered 
here*  These  external  heat  loads  are  assumed  to  consist  of  radiation  heat 
exchange  with  the  skin  insulation  and  free  convection  heat  exchange  with 
the  compartment  air.  It  is  assumed  that  the  individual  component  does  not 
exchange  heat  by  radiation  with  nearby  components*  In  addition  to  the  ex- 
ternal heat  loads,  heat  generation  by  the  specially  protected  component  is 
considered. 

As  in  the  earlier  analyses,  the  thermal  capacity  of  the  compartment 
air  and  the  skin  insulation  is  neglected.  The  thermal  capacity  of  insula- 
tion on  an  individual  equipment  is  included  in  the  analysis,  however*  This 
is  particularly  necessary  when  considering  small  insulated  items,  where  an 
insulation  of  any  worthwhile  thickness  is  likely  to  have  a thermal  capacity 
which  is  appreciable  in  comparison  to  that  of  the  equipment  which  it  pro- 
tects* It  is  assumed  that  insulation  placed  on  the  equipment  has  an  outer 
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facing  of  some  reflective  material,  such  as  aluminum  foil,  in  order  to  re- 
duce the  radiation  heat  load*  This  precaution  is  necessary  because  of  the 
high  emissivity  of  some  insulating  materials.  In  analyzing  radiant  heat 
transfer  from  Section  7 onward  it  has  been  invariably  assumed  that  the  skin 
insulation  is  faced  in  this  manner. 

In  writing  the  heat  conduction  equations  for  the  component  insulation, 
it  is  assumed  that  the  two  faces  of  the  insulation  are  of  equal  area,  so 
that  the  simple  equations  for  a plane  wall  may  be  used.  Thus,  if  the  in- 
sulation covers  a body  such  as  a cube,  it  is  assumed  that  the  insulation 
thickness  is  small  compared  to  the  dimensions  of  the  cube. 

Whenever  insulation  and  evaporative  coolant  are  used  together,  the 
constant  temperature  method  of  evaporation  control  is  used  for  the  coolant. 
This  method  assumes  that  the  coolant  vapor  is  discharged  through  a pressure 
regulator,  which  maintains  the  pressure  in  the  coolant  container  constant. 

The  equations  are  developed  in  a general  form  suited  to  the  use  of  any 
insulating  material  and  any  coolant,  provided  the  coolant  is  a pure  sub- 
stance and  evaporates  at  constant  temperature  when  under  constant  pressure. 
Pot  simplicity,  in  the  calculations  which  follow  the  equations  are  all  based 
on  the  use  of  -water  as  evaporative  coolant  and  asbestos  felt  insulation. 


2.  Nomenclature 


Symbol 

Definition 

Units 

A 

Area 

ft2 

a' 

Convection  group,  used  in  equation  (X-2) 

c 

Specific  Heat 

Btu/lb-°R 

H 

Enthalpy 

Btu/lb 

h 

Heat  transfer  coefficient 

Btu/hr-ft2-°R 

k 

Thermal  conductivity 

Btu/hr-ft-°R 

L 

Characteristic  length  for  free  convection 

ft 

M 

Weight 

lb 

m 

Weight  based  on  unit  area 

lb/ft2 

q* 

Heat  transfer  rate 

Btu/hr 

q" 

Heat  absorption  rate 

Btu/hr-ft^ 

T 

Absolute  temperature 

°R 
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Symbol 

U 

x 

x» 

1 

s 

e 

r 

T* 

Subscripts 

a 

c 

a 

evap 

f 

fg 

g 

1 

L 

a 

n 

o 

r 

s 

si 


Definition 

Conductance 
Thickness 
Thickness 
Weight  density- 
Pressure 

Bnissivity 

Time 

Time 


Units 

Btu/hr-ft2-°R 

ft 

in* 

Ib/ft3 

atmospheres 
( dimensionless) 

dimensionless 

hr 

min 


Denotes  compartment  air 

Denotes  convection  value 

Denotes  equipment  or  equipment  component 

Denotes  evaporation  temperature 

Denotes  coolant  in  general 

Denotes  change  of  state  from  liquid  to  vapor 

Denotes  generated  value 

Denotes  insulation 

Denotes  component  face  of  insulation  on  component 

Denotes  average  value  for  a time  interval 

Denotes  the  n th  time  interval 

Denotes  external  value  or  initial  value  when  used 
as  a second  subscript 

Denotes  radiation  value 

Denotes  outside  face  of  component  insulation 
Denotes  storage  value  for  component  insulation 
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Subscripts , continued 
w Denotes  skin 

1,2  Denotes  initial  and  final  values,  respectively, 

for  a time  interval 


3«  Derivation  of  Equations 


a.  External  Heat  Load 


The  external  heat  load  due  to  radiation  and  free  convection 
to  a box  covered  with  insulation  is  calculated  in  the  same  way  as  in  Sec- 
tion IX  except  for  a slight  change  in  nomenclature.  When  insulation  is 
used  on  the  equipment,  the  temperature  of  the  surface  exposed  to  the  en- 
vironment is  Ta,  so  that  the  equation  for  radiation  heat  transfer  becomes 

<£  - h vlr  (Ti-Tg)  (X-l) 


and  where  the  function  of  temperatures  is  given  in  Figure  AIV-1. 

Similarly,  the  free  convection  heat  transfer  between  the  equipment  and 
the  compartment  air  is  given  by 

QJ  - kcAc<VT.>  »-2) 

Where  1,  f f SV2\  , 

*C  - V-WV  trpTEj  (V*.)*4 

for  the  quantity  j2*2)  evaluated  at  (TaVTs)/2. 

In  keeping  with  the  practice  of  Section  IX,  equations  (X-l  and  -2)  are 
used  together  with  a plot  of  Tj.  and  Ta  vs.  t found  as  in  Section  V,  to  cal- 
culate the  external  heat  loads. 


b.  Heat  Transfer  Through  the  Component  Insulation 

Heat  transfers  from  the  outer  surface  of  the  component  insula- 
tion at  Ts  to  the  inner  surface  at  Ta  by  solid  conduction.  This  heat  con- 
duction cannot  be  treated  by  the  simple  conduction  equation  in  a case  where 
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these  temperatures  are  changing,  however,  because  of  the  thermal  capacity 
anri  resulting  heat  absorption  by  the  insulation.  It  can  be  shown  that  for 
the  case  of  heat  absorption  in  a solid,  the  rate  of  heat  conduction  into 
the  high  temperature  face  is  given  by 

qj,  - .DiVV1.)  ♦ qjj.  (-SpO  (1-3) 

where  qgi  is  the  time  rate  of  heat  absorption  per  unit  volume  in  the  solid. 
Similarly,  the  rate  of  heat  conduction  out  of  the  low-temperature  face  is 
given  by 

n - DiVVT,>  - ill  (t3)  (X-U) 

Far  a basic  derivation  of  these  physical  laws  the  reader  is  referred  to 
Reference  (X-l) • 

Heat  is  absorbed  in  the  insulation  due  to  a temperature  rise.  Although 
equations  (X-3  and  -4)  are  for  the  case  of  a uniformly  distributed  heat  ab- 
sorption rate,  an  approximation  can  be  used  based  on  the  average  temperature 
rise  in  the  form 


This  can  then  be  used  in  equations  (X-3  and  -k),  where  Te  and  Ts  are 
changed  to  average  the  values  Tem  and  Tsm  for  the  time  interval  at*  The 
value  of  qj,  given  by  equation  (X-U)  is  the  heat  transfer  rate  to  the  in- 
sulated equipment.  It  is  this  heat  load  which  is  received  by  the  equipment 
and  its  coolant,  if  any. 


c.  Heat  Balance  for  the  Equipment 

During  periods  when  no  coolant  is  being  evaporated,  the  heat 
balance  equation  for  the  equipment  is 

(qj  ♦ qp  - (V.  * “f°f>  (4-r)  (1-6) 

In  applying  this  equation,  Mf  is  zero  if  there  is  no  coolant. 

The  heat  balance  for  periods  of  coolant  evaporation  at  constant  tem- 
perature is 

(q£  + q£)  AT  - ( AMf  Hfg)  (X-7) 

where  AMf  is  the  weight  of  coolant  evaporated  during  a time  interval  at 
in  length. 
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4.  Calculation  Procedure 


a.  General  Method. 

The  form  of  the  equations  developed  above  requires  the  use  of 
a stepwise  calculation  procedure  to  evaluate  the  temperature  rise  of  equip- 
ment protected  by  insulation  and  -with  or  without  evaporative  coolant*  It 
is  possible  to  calculate  all  of  the  heat  transfer  and  heat  storage  rates 
based  on  temperature  conditions  at  the  beginning  of  a time  interval*  These 
can  then  be  used  to  predict  the  temperatures  prevailing  at  the  end  of  the 
time  interval.  When  using  this  method,  the  size  of  the  time  interval  must 
be  small  to  obtain  accurate  results.  Jl  more  accurate  method  is  to  calculate 
the  heat  transfer  and  heat  storage  rates  based  on  the  average  temperature 
conditions  for  a time  interval.  Since  the  average  temperatures  are  not 
known  when  starting  the  interval  calculation,  they  oust  be  assumed  and 
checked  later.  This  method  therefore  involves  trial  and  error  calculations* 
Because  of  its  greater  accuracy,  -this  method  is  described  here. 


b.  Determination  of  the  Compartment  Environment  Temperatures 

Before  the  temperature  rise  of  specially  protected  components 
can  be  calculated,  it  is  necessary  to  determine  the  face  temperature  of  the 
skin  insulation  and  the  compartment  air  temperature*  The  variation  of  these 
temperatures  with  time  is  determined  as  described  in  Sections  IX  and  V. 

When  the  calculation  is  completed,  a plot  of  Tj_  and  Ta  versus  % is  prepared 
and  used  in  the  subsequent  procedures. 


c.  Temperature  Rise  of  Components  Without  Coolant  Evaporation 

The  procedure  described  here  applies  to  periods  of  operation 
in  which  there  13  no  evaporation  of  coolant.  To  begin  calculation  for  a 
time  interval,  it  is  necessary  to  assume  values  for  the  final  temperatures 
of  the  equipment  and  the  final  face  temperature  on  the  component  insulation. 
These  are  then  used  with  the  initial  values  far  the  interval  to  calculate 
average  temperatures,  such  as  Tjm  ■ (T8i*T82)/2.  The  values  of  Tj2  and  Ta2 
are  then  found  from  the  plot  of  the  previous  calculation  for  the  end  of  the 
time  interval,  and  used  to  calculate  Tj^  and  Tam.  When  all  of  these  average 
temperatures  are  found,  the  radiation  and  free  convection  heat  loads  are 
calculated  using  equations  (X-l  and  -2).  The  surface  areas  Ay  and  A*.  re- 
quired for  this  purpose  are  defined  in  Section  IX. 

Equation  (X-5>)  is  used  next  to  calculate  q^,  and  qL  is  determined  by 
the  relationship 


<ai  ■ 

which  is  obtained  by  combining  equations  (X-3  and  -J»). 

Equation  (X-6)  is  next  solved  for  &Te,  and  T^  is  calculated  from 
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TQ2  * Te]+  ATe.  This  value  Aould  be  in  substantial  agreement  with  the 
value  assumed  at  the  start  of  the  interval  calculation. 

The  average  insulation  temperature  (Tsm+Tem)/2  is  found  next,  and  the 
component  insulation  conductance  is  evaluated  at  this  temperature  from 

ut  - (kiAi> 

Equation  (X-3)  can  then  be  used  to  calculate  q^,  which  should  agree  with 
the  value  of  external  heat  load  due  to  radiation  and  convection  as  found 
earlier.  If  Te2  is  found  to  be  substantially  correct,  but  is  in  error, 
the  value  of  T^  must  be  revised  in  the  next  trial.  In  doing  this,  it 
should  be  observed  that  reducing  T^  gives  a greater  value  of  q^  as  deter- 
mined for  radiation  and  free  convection,  and  conversely.  Also,  reducing 
Tsm  reduces  the  value  of  q&  determined  by  equation  (X-3) > and  conversely, 
provided  that  T^  > T^.  Agreement  on  both  q£  and  Te2  must  be  achieved  be- 
fore the  interval  calculation  is  finished. 

The  calculation  described  above  is  rather  difficult,  and  it  is  recom- 
mended that  a plot  of  Te2  and  Ta2  be  kept  by  the  computor  and  used  to  ex- 
trapolate far  assumed  values.  The  external  heat  loads  are  quite  accurate 
for  time  intervals  representing  changes  of  of  as  much  as  1*0°F.  The  ac- 
curacy of  the  temperature  rise  of  equipment  is  therefore  dependent  on  the 
degree  of  accuracy  insisted,  upon  in  obtaining  agreement  far  q£  by  the  two 
calculations  used.  The  special  methods  required  to  determine  the  initial 
temperatures  for  the  first  interval  are  given  in  the  Appendix  to  this  Sec- 
tion, together  with  a detailed  procedure  and  example  of  the  above  interval 
calculation.  If  this  calculation  is  used  far  a case  using  evaporative 
coolant,  the  last  interval  of  the  Initial  period  of  temperature  rise  must 
be  just  the  right  length  so  that  Te2  * TeVap»  This  internal  will  therefore 
in  general  require  more  trials  for  its  successful  calculation  than  the 
others. 


d.  Calculation  for  the  Period  of  Constant  Temperature  Evaporation 

The  procedure  described  here  applies  to  periods  of  operation 
when  a coolant  is  evaporating  at  constant  temperature,  and  therefore  holding 
the  equipment  temperature  constant.  The  external  heat  load  is  calculated 
as  before,  based  on  T^,  T^  and  T^.  Since  T^  and  Tj^  are  available  from 
a plot  by  previous  calculation,  and  since  Te  is  constant  and  equal  to  Tevap, 
it  is  only  necessary  to  assume  values  for  Ts2»  With  q£  determined,  is 
calculated  with  equation  (X-£),  and  equation  (X-3)  is  solved  for  Tsm( using 
the  equation  as  based  on  the  average  values  Tem  and  Tsm  instead  of  the  in- 
stantaneous values  of  Te  and  Ts).  The  value  of  % most  be  based  on 
(Tem+Te)/2  for  this.  If  the  calculated  value  of  Tgm  agrees  with  that  as- 
sumed earlier  qf  is  then  calculated,  after  which  AMf  is  found  from  equation 
(1-7),  When  £U£f)h  ■ %o>  a11  the  coolant  is  evaporated,  and  the  pre- 
vious procedure  is  resumed  using  Mf  • 0.  If  the  value  of  T^  calculated 
does  not  agree  with  that  corresponding  to  the  assumed  value  of  Ts2,  the  in- 
terval calculation  must  be  repeated  for  agreement  before  AMf  may  be  deter- 
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mined.  It  is  well  to  experiment  in  ary  case  to  deterroine  what  agreement 
must  be  had  between  the  assumed  and  calculated  T62  to  achieve  desired  ac- 
curacy in  AMf . This  can  be  done  with  one  interval  ty  repeating  it  to  per- 
fect agreement  and  comparing  the  final  result  with  those  of  earlier  trials* 
The  last  interval  of  this  calculation  must  be  selected  of  such  length  that 
the  coolant  is  just  used  up  at  the  end  of  the  interval.  Time  intervals  can 
be  selected  in  length  so  as  to  hold  (Tj^-^il)  to  about  l|0°F  or  less,  al- 
though the  calculations  are  quite  accurate  for  larger  intervals.  A detailed 
procedure  and  example  of  this  interval  calculation  are  given  in  the  Appendix 
to  this  Section. 


EFFECTS  OF  EQUIPMENT  INSULATION  AND  EVAPORATIVE  COOLANT  ON  THE  TEMPERATURE 
RISE  OF  INDIVIDUAL  COMPONENTS 

1*  Effect  of  Insulation  Alone  on  Component  Temperature  Rise 

The  effect  of  using  individual  insulation  on  a component  is  shewn 
in  Figure  X-l.  The  component  is  represented  as  a cube  of  one  cubic  foot 
volume,  including  the  insulation  on  it.  The  characteristics  of  the  com- 
partment, the  uninsulated  equipment,  and  the  environment  temperatures  are 
given  in  Figure  3X-8.  The  characteristics  of  the  insulated  component  are 
given  in  Figure  X-l.  The  cases  shown  are  for  no  heat  generation  hy  the 
insulated  component,  and  no  cooling  effect.  The  insulation  vised  is  asbes- 
tos felt,  having  a density  of  36  lb/ft ^ and  a specific  heat  of  0.2  Btu/lb-°R. 

It  is  apparent  that  the  application  of  insulation  of  increasing  thick- 
ness reduces  the  component  temperature  by  an  amount  which  is  approximately 
proportional  to  the  insulation  thickness.  In  the  case  of  the  thickest  in- 
sulation the  component  is  held  about  70°F  below  the  temperature  it  would 
assume  without  insulation.  It  is  interesting  to  note  that  a significant 
portion  of  this  temperature  reducing  effect  is  due  to  the  thermal  capacity 
of  the  insulation,  as  distinguished  from  its  insulating  effect.  To  illus- 
trate this,  a case  is  shown  for  a component  with  no  insulation,  but  having 
an  added  thermal  capacity  equal  to  that  of  a 1/2  in.  covering  of  the  as- 
bestos insulation.  This  shows  the  temperature  reduction  due  to  the  thermal 
capacity  alone  to  be  about  36  percent  of  the  total  temperature  reduction 
obtained  with  the  insulation.  In  many  cases  insulating  effect  is  affected 
adversely  by  an  increase  in  insulation  density.  In  an  application  of  this 
type,  however,  there  is  a compensating  effect  due  to  the  increased  thermal 
capacity  of  mere  dense  insulation.  This  is  important  here  because  the  more 
dense  insulations  are  less  fragile  and  better  suited  to  application  on  the 
outside  cf  a component. 

In  the  cases  of  Figure  X-l  it  is  assumed  that  the  external  size  of  the 
insulated  cube  is  constant.  Therefore  an  increase  of  insulation  thickness 
results  in  a decrease  of  internal  volume  for  the  insulated  component*  The 
use  of  l/2  in*  of  insulation  in  such  manner  for  a one  cubic  foot  external 
size  reduces  the  internal  volume  by  approximately  25  percent.  The  relative 
worth  of  insulation  as  compared  to  evaporative  coolant  on  a volume  basis  is 
considered  later  in  this  Section.  It  can  be  inferred  from  the  example  just 
quoted,  however,  that  the  space  requirements  of  insulation  are  rather  large 
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for  the  temperature  effects  produced* 

It  must  be  emphasized  that  the  temperature  rise  behavior  exhibited  by 
the  cases  of  Figure  X-l  is  for  components  which  do  not  generate  heat.  With 
components  which  generate  heat,  it  is  possible  that  Insulation  would  pro- 
duce an  undesirable  effect*  If  the  heat  generation  rate  is  great  enough  to 
bring  the  component  to  a higher  temperature  than  the  compartment  air,  insu- 
lation would  act  as  an  unwanted  barrier  to  the  free  convection  cooling  ef- 
fect that  would  result.  Whether  or  not  this  condition  would  exist  in  any 
case  can  be  determined  from  the  environment  temperatures  and  the  temperature 
rise  for  a perfectly  insulated  component.  The  equation  for  heat  balance  of 
a perfectly  insulated  component  is 


This  can  be  used  to  construct  a plot  of  Te  vs.  t,  which  can  then  be  com- 
pared with  the  environmental  temperature  plot  of  Tj,  and  Ta  vs.  t.  If  Te 
for  the  perfectly  insulated  equipment  is  at  any  time  greater  than  Ta,  then 
during  such  periods  the  insulation  would  be  undesirable  from  the  standpoint 
that  it  prevents  some  cooling  effect  by  the  compartment  air.  It  may  still 
be  of  some  value  in  reducing  the  radiant  heat  load,  however.  In  the  actual 
case,  the  periods  in  which  Te  is  above  or  below  Ta  would  not  coincide  ex- 
actly with  those  as  determined  by  the  above  method,  since  the  equipment  can 
not  be  perfectly  insulated.  The  method  is  nevertheless  of  value  in  a quali- 
tative sense. 

Although  insulation  has  been  diown  to  be  of  some  value  in  reducing  com- 
ponent temperature  rise  when  properly  applied,  a definite  evaluation  of  its 
worth  most  be  based  on  a comparison  with  other  methods  of  accomplishing  the 
same  end.  In  thi3  connection  it  is  Interesting  to  compare  the  benefits  of 
insulation  with  those  resulting  from  an  equivalent  volume  of  water  used  as 
an  evaporative  coolant.  This  is  done  in  the  following  paragraphs. 


2.  Effect  of  Replacing  Evaporative  Coolant  with  Insulation  on  Com- 
ponent Temperature  Rise 

Figure  X-2  shows  the  effect  of  replacing  evaporative  coolant  with 
insulation  on  the  temperature  rise  of  a non-heat-generating  component.  The 
characteristics  of  the  cooled  and  insulated  equipment  are  given  in  the  fig- 
ure, while  the  environment  characteristics  are  taken  from  Figure  H-8,  as 
before.  The  component  is  again  represented  as  a cubic  box,  one  cubic  foot 
in  volume  as  based  on  its  external  dimensions.  The  insulation  is  36  Ib/ft^ 
asbestos  felt,  and  the  coolant  is  water,  controlled  to  evaporate  at  a con- 
stant temperature  of  6lO°R. 


In  the  case  shown  far  no  insulation  five  pounds  of  water  are  provided 
as  coolant.  In  the  other  cases  a reduced  amount  of  coolant  is  provided  so 
that  the  total  volume  of  the  insulation  plus  the  coolant  is  equal  to  the 
volume  of  five  pounds  of  water.  Since  the  external  volume  of  the  cube  is 
eonstant,  this  provides  a means  of  comparing  the  worth  of  the  coolant  with 


WADC-TR  53-114 


43>-i 

■JCQMHPENTIAtr 


Figure  X-2 

Effect  of  Replacing  Evaporative  Coolant  vith 
Insulation  on  Component  Temperature  Rise 


that  of  the  insulation  in  three  cases  which  provide  the  same  free  installa- 
tion volume  inside  of  the  insulation*  It  is  readily  seen  that  it  is  poor 
practice  to  replace  some  of  the  coolant  with  an  equ§l  volume  of  insulation, 
since  the  external  heat  load  to  the  component  is  not  reduced  sufficiently 
that  the  remaining  coolant  can  provide  the  same  flight  duration  before  it  is 
used  up.  This  proves  that  from  the  standpoint  of  space  requirements  evapo- 
rative cooling  with  water  is  a much  more  effective  way  of  reducing  component 
temperature  rise  than  is  the  use  of  asbestos  insulation.  This  is  even  more 
true  in  the  case  of  heat  generating  components,  since  evaporative  cooling 
does  not  hamper  the  convection  cooling  effect  when  the  component  temperature 
is  above  the  compartment  air  temperature. 

It  is  emphasized  that  the  conclusion  concerning  the  greater  worth  of 
evaporative  coolant  as  compared  to  insulation  is  based  on  the  comparison  of 
water  and  asbestos  insulation.  It  is  not  always  possible  to  use  water  as 
the  evaporative  coolant,  since  properties  of  the  coolant  such  as  freezing 
point,  dielectric  strength,  or  chemical  inertness  may  be  critical.  Con- 
sideration of  these  factors  may  dictate  the  use  of  a coolant  which  has  a 
much  lower  value  of  latent  heat  per  unit  volume.  Since  this  is  actually 
the  cooling  effect  per  unit  volume,  the  use  of  such  a coolant  could  be  less 
profitable  than  the  .is  e of  an  equivalent  volume  of  insulation  under  some 
circumstances.  Unfortunately,  it  is  not  practical  to  set  definite  limits 
on  this  possibility  because  of  the  maiy  independent  variables  involved.  It 
is  therefore  recommended  that  the  reader  apply  the  analytical  methods  of 
this  Section  to  investigate  the  relative  merits  of  coolant  and  insulation 
for  whatever  combination  of  physical  properties  is  of  interest  to  him. 

Figure  X-3  is  for  the  same  conditions  as  Figure  X-2,  except  that  the 
component  generates  heat  at  the  rate  • 3413  Btu/hr.  For  the  single  in- 
sulation thickness  considered,  the  effects  are  qualitatively  the  same  as 
observed  from  Figire  X-2.  In  the  case  of  the  heat  generating  equipment, 
however,  the  reduction  in  flight  duration  is  a much  greater  percentage  of 
the  total  when  some  of  the  water  volume  is  replaced  with  insulation.  For 
an  insulation  thickness  of  l/l6  in.,  the  flight  duration  is  reduced  about 
15  percent  for  non-heat  generating  equipment,  while  it  is  reduced  over  29 
percent  far  the  component  with  « 3413  Btu/hr. 


DESIGN  CONSIDERATIONS  FOR  USING  INSULATION  TO  HtOTECT  INDIVIDUAL  COMPONENTS 

As  indicated  in  the  discussion  of  the  calculated  cases,  the  use  of  in- 
sulation as  a means  of  protecting  individual  components  is  probably  most 
applicable  for  non-heat  generating  components.  Wherever  it  can  be  used, 
insulation  has  three  important  advantages  over  other  means  of  protection 
such  as  the  use  of  an  evaporative  coolant.  First,  the  insulation  requires 
no  control  apparatus  or  piping  of  any  kind,  and  therefore  conserves  the 
compartment  space  that  would  otherwise  be  required  for  installing  these 
items.  Second,  the  physical  simplicity  and  simple  function  of  the  insula- 
tion insures  absolute  operational  reliability.  So  long  as  the  insulation 
is  in  place  and  undamaged,  it  must  perform  the  task  far  which  it  is  properly 
intended.  Third,  the  insulation  is  applied  externally  and  waild  not  ordi- 
narily require  ary  alteration  in  design  of  the  component  which  it  protects. 
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A proper  application  of  evaporative  cooling,  on  the  other  hand,  requires 
that  the  coolant  container  and  component  be  integrally  designed  so  as  to 
give  adequate  cooling  effect  by  means  of  good  thermal  conductance  between 
the  coolant  and  all  parts  of  the  protected  component.  If  the  component  is 
immersed  in  coolant,  both  the  component  and  the  external  case  must  be  de- 
signed for  proper  sealing  of  the  coolant.  Either  method  of  applying  evapo- 
rative coolant  is  not  so  likely  to  be  suited  to  presently  existing  equip- 
ments as  is  insulation. 

Where  insulation  is  to  be  applied  as  the  sole  means  of  protection  for 
a non-heat-generating  component,  the  calculation  method  given  as  Procedure 
A in  the  Appendix  to  this  Section  may  be  used  for  design  purposes.  Assuming 
that  the  component  temperature  rise  -without  any  insulation  has  already  been 
determined  (qg^  - 0,  Ts  « TQ)  an  insulation  thickness  should  next  be  assumed. 
The  procedure -is.  then  used  to  determine  the  temperature  rise  with  the  as- 
sumed thickness  and  type  of  insulation.  If  the  result  is  not  as  desired, 
the  thickness  is  altered  with  due  regard  to  the  approximately  linear  rela- 
tionship between  the  reduction  of  temperature  rise  and  the  insulation  thick- 
ness. 


When  both  insulation  and  evaporative  coolant  are  to  be  considered,  a 
logical  design  procedure  begins  with  determining  the  amount  of  coolant  re- 
quired to  give  the  component  temperature  rise  desired.  The  design  method 
of  Section  IS  can  be  followed  for  this  purpose.  Next  the  insulation  re- 
quired to  give  the  same  temperature  rise  in  the  same  time  is  found  as  indi- 
cated in  the  previous  paragraph.  The  volume  requirements  are  then  deter- 
mined, and  considered  together  with  any  other  pertinent  criteria  to  select 
either  the  insulation  or  the  evaporative  coolant.  This  double  design  pro- 
cedure will  indicate  the  superiority  of  one  v stem  or  the  other,  or  possibly 
that  they  are  equivalent  in  their  advantages. 


It  is  also  possible  that  a combination  of  insolation  and  evaporative 
coolant  exists  which  is  superior  in  terms  of  volume  requirements  to  the  use 
of  either  alone.  This  possibility  exists  because  of  the  change  of  environ- 
mental temperatures  in  the  compartment  with  time.  In  other  words,  under 
some  environmental  temperature  conditions,  a given  volume  devoted  to  insula- 
tion may  reduce  the  heat  gain  to  the  component  by  an  amount  greater  than  the 
total  latent  heat  of  the  same  volume  of  coolant.  At  other  times,  when  the 
environmental  temperatures  are  not  so  great  with  respect  to  the  component, 
the  reverse  could  be  true.  It  would  therefore  seem  that  if  the  volume  re- 
quirement of  using  coolant  alone  is  substantially  less  than  that  of  insula- 
tion alone,  the  use  of  some  insulation  together  with  the  coolant  should  be 
considered  (Procedures  A and  B of  the  Appendix  to  this  Section),  since  a 
smaller  total  volume  of  insulation  and  coolant  may  be  found.  If  the  volume 
requirement  of  insulation  alone  were  substantially  leas  than  that  of  coolant 
alone,  the  same  procedure  could  be  followed.  It  is  less  likely  to  be 
profitable,  however,  because  of  the  desirability  of  avoiding  coolant  alto- 
gether where  the  much  simpler  insulation  will  suffice.  Carrying  the  design 
procedure  to  the  point  of  considering  using  both  protective  measures  to- 
gether is  Justified  only  where  installation  space  in  the  compartment  is  ex- 
tremely critical  and  where  the  volume  of  insulation  and/or  coolant  is  quite 
large,  as  might  be  the  case  where  long  flights  at  high  speed  are  contemplated. 
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1.  Calculation  Procedures 

Calculation  procedures  and  example  calculations  are  given  here  for 
the  interval  calculations  required  to  evaluate  the  temperature  rise  of  equip- 
ment protected  by  insulation.  The  procedures  apply  to  individually  insulated 
items.,  and  it  is  assumed  that  these  items  are  located  in  an  uncooled  com- 
partment with  or  without  skin  insulation.  In  addition,  the  individually 
insulated  items  may  also  have  an  evaporative  coolant  provided  far  their 
protection.  It  is  assumed  that  the  individual  components  having  these  spec- 
ial characteristics  are  only  a small  portion  of  all  the  equipment  in  the 
ccmparor-rt. 

The  determination  of  the  compartment  air  temperature  and  the  face  tem- 
perature of  the  skin  insulation  is  done  by  the  general  calculation  method 
in  the  Appendix  to  Section  V,  and  is  not  repeated  here.  Figure  DC-8  (previ- 
ous Section)  shows  a plot  of  these  environment  temperatures  determined  by 
such  a calculation.  This  plot  is  used  for  calculating  the  external  heat 
loads  to  the  special  equipments  studied  in  the  subsequent  examples. 

Procedure  A:  Calculation  of  Temperature  Rise  of  Insulated  Components 

Without  Coolant  Evaporation 


Given  Data: 

compartment  and  average  uninsulated  equipment  characteristics  as 
shown  in  Figure  H-8 

thermal  capacity  of  insulated  equipment  MeCe  * 4.6  Btu/°R 
heat  generation  of  insulated  equipment  q£  ■ 853  Btu/hr 
weight  of  coolant  (water)  ■ 3*05  lb 
total  surface  area  of  insulated  component  Ae  • 6.0  ft^ 
total  surface  area  available  to  free  convection  Ac  ■ 6.0  ft^ 
total  surface  area  available  to  radiation  Ay  » 3.96  ft^ 
surface  emissivities  m 0.10,  e3  « 0.20 
characteristic  dimension  of  insulated  box  L ■ 1 f t 
compartment  pressure  6 * 2.5 

component  insulation  of  asbestos  felt  » 0.00521  ft 

thermal  capacity  of  component  insulation  per  unit  volume 

i±c±  m 7.2  Btu/ft3-°R 
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Tel  ■ h92°R  at  t • 0 hrj  Tsi  » U97?R  at  t ■ 0 hr 
1*  Select  at  and  assume  Ts2  and  Te2* 

at  - O.O833  hr 
Te2  * 506.6°R 
Ta2  - 5n.U^a 

2.  Calculate  - (Ts1+Ts2)/2  and  - (Tel+Te2)/2. 

Tgm  - 50li.2°R 

^ - ^.3^a 

3*  Get  Tix,  Ta-[ , TjL2  anci  Ta2  from  Figure  K-8. 

- 728°R 

Tal  “ #2°K 

- 7li4°R 
1*2  ■ 566°H 

u.  Calculate  T-j^  • (T-q+T^)^  and  Tam  m ^Tal4Ta2)/2  • 

Tia  - 736°R 
Tam  • 559°R 

5.  Calculate 

hp  - ^JodLO^-j \ )b 

€i 

taking  B from  Figure  A3Y-1  for  Tj^  and  T^. 

hj.  - 1.2lpa0"^90  - 0.1225  Btu/hr-ft2-°R 

6.  Calculate  q£  ■ hr^r^inT^sm) 

q*.  - 0.1225x3.96x231.8  - 112.5  Btu/hr 

7.  Calculate  (Tam^sm)/2  ^ get  (a’L^V  j,^2)  at  this  mean  tempera- 
ture from  Figure  AIV-3. 

ntrl/U 

’~££TT  " °*2838 

8.  Calculate  h^.  - (a'l^fy  £^2)(  ^/L^KT^-Tgaj)1^ 

- 0.2838x1.58x2.720  - 1.22  Btu/hr-ft2-°R 
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9.  Calculate  q£  - h^CT^-Tg^) 

q£  • 1.22x6x5U.8  » UOl  Btu/hr 

10.  Calculate  q£  • q£  * <£ 

q^  ■ 513*5  Btu/hr 

11.  Calculate  dTe  ■ (T^-Tel)  «d  *?s  - (T^-Ts!)  «“d 


*ii-  'Vi 


aT6+  aT8 


aT0  - 1U.6°R 


aT8  - ]ii.U°a 

«1  • ?-2  (^3)  * Btu/ft^-hr 


12.  Calculate  q£  ■ - q^iCAe^i) 

q£  - 513.5-1252x0.0313  - U7U.3  Btu/hr 


13*  Calculate 


(qg+qi.) 

aT«  • 


lU*  Calculate  T^  ■ Tei+  aT8 


Ui.li°R 


Te2  - 506.Ii°R 


This  result  should  agree  with  the  value  assumed  in  step  1. 

15.  Calculate  (T^+T^/a  and  get  at  this  temperature. 

k*  - O.O88I4.  Btu/hr-ft-°R 

16.  Calculate  » (k±/x.±) 

U±  - 36.97  Btu/hr-ft2-°R 

17.  Calculate  - ^(V-T^eq^.  (^) 

q^  - 16 .97x6x1;. 9 +12 52x0. 0156  - 517.5  Btu/hr 

This  value  should  agree  with  that  calculated  in  step  10.  If  not 
Tg  is  incorrect  and  new  values  of  and  Te2  should  be  used  in 
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repeated  trial  calculation.  When  satisfactory  agreement  within 
the  desired  limits  of  accuracy  is  achieved,  continue  to  the  nest 
interval  using  the  final  values  of  and  T*2  this  interval 
as  Tei  and  Tai  in  the  next.  It  is  emphasized  that  agreement  of 
the  values  of  both  q£  and  Te2  are  to  be  achieved  before  the  above 
interval  calculation  can  be  considered  complete. 

When  working  with  the  first  time  interval  in  a calculation  such  as  the 
above,  it  is  necessary  to  know  the  initial  values  of  T^,  Ta,  Ta  and  Te.  All 
of  these  are  known  except  Ts,  which  is  found  as  follows.  For  the  time  t - 0, 
assume  Ts  between  Ta  and  Te,  and  calculate 

<&  • UiA«(Ts-Te) 

where  U*  is  evaluated  at  (Ts+Te)/2.  Then  calculate  (Ta+Ts)/2  and  calculate 
q£  by  equation  (X-2)  basing  b^.  on  this  average  temperature.  Next  use  equa- 
tion (X-l)  to  calculate  q£.  The  sum  (ql-fqi)  should  equal  qi  found  above. 

I*  (<!£+<&)  > increase  the  value  of  Ts  for  the  next  trial,  and  conversely. 
Repeat  this  untlj.  the  correct  value  of  Ts  is  found. 


Procedure  Bx  Calculation  for  the  Period  of  Constant  Temperature 
Evaporation 

Given  Data: 


All  data  are  the  same  as  in  Procedure  A.  In  addition,  the  coolant 
(water)  is  vented  such  that  its  boiling  temperature  is  6lO°R. 


enthalpy  of  vaporization  at  710°R  Efg  ■ 1008.2  Btu/lb 


Steps  1 through  10  are  identical  to  Procedure  A,  except  that  Te 
is  constant  and  &Te  - 0.  Making  the  calculation  for  qo  as  based 
on  the  time  interval  from  r » 0.671  hr  to  t ■ 0.833  hr  gives 
q£  ■ 6U0  Btu/hr  as  the  result  of  step  10.  ATa  is  assumed  as  2.8%. 

11.  Calculate  q»±  - 1±c± 

q*j_  ■ 62.2  Btu/hr-ft^ 

12.  Calculate  and  get  at  this  average  temperature . 

k±  - 0.101*9  Btu/hr-ft-°R 

13.  Calculate 

U±  - 20.1  Btu/hr-ft2-°R 


1U.  Calculate 


ksm 


Uh2 
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This  'value  should  agree  •with  T„ffi  as  calculated  from  the  assumed 
value  of  Ts2  (for  this  interval,  this  value  was  Tsm  * 6l5.U°R). 

If  not,  repeat,  using  a new  assumed  value  of  Tg2  until  agreement 
is  achieved. 

15.  Calculate  q£  ■ qo^i^^e*!^ 

q£  - 61*0-62 .2x6x0 .00^21  - 638  Btu/hr 

26.  Calculate 

%g 

17.  Calculate  Z(  AHf  )n  for  the  n intervals  calculated  during  evapora- 
tion, ending  with  the  current  one.  When  the  sum  equals  Ifff  of  the 
given  data  the  evaporation  process  is  completed. 

2.  References 

(X-l)  Jakob,  M.  Heat  Transfer  Vol.  I,  John  Wiley  and  Sons, 

Inc.,  New  York,  191*9,  pp.  l6?-l69 . 
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SECTION  XI 

CRITERIA  FOR  SELECTION  OF  MEANS  TO  LIMIT  TEMPERATURE  RISE 


By  T.  C.  Taylor 


In  Sections  V through  X a number  of  methods  of  limiting  the  temperature 
rise  of  equipments  in  con^artments  of  high  speed  aircraft  are  considered. 

In  most  of  these  Sections  design  procedures  are  presented,  showing  how  to 
design  the  given  system,  for  a specified  temperature  rise.  However,  in  deal- 
ing with  a specific  problem  to  limit  the  temperature  rise  of  equipment,  it 
is  not  always  apparent  which  of  the  methods  to  use.  It  is  therefore  neces- 
sary to  follow  a logical  procedure  whereby  those  methods  which  are  not 
suited  to  the  specific  problem  may  be  eliminated.  Designs  for  the  remaining 
methods  can  then  be  considered  in  greater  detail  to  find  the  one  which  is 
most  appropriate. 

Figure  XI-1  is  a summary  chart  showing  all  of  the  systems  considered 
in  Sections  V through  X.  The  method  shown  at  the  top  of  the  chart  consists 
of  the  uncooled  compartment,  using  only  skin  insulation  and  thermal  capacity 
to  protect  the  equipment  against  excessive  temperature  rise.  This  is  the 
simplest  method  of  protection,  involving  the  least  physical  complication  in 
the  compartment.  The  methods  shown  below  and  to  the  right  represent  systems 
which  protect  the  equipment  more  effectively  against  temperature  rise,  but 
which  involve  special  apparatus  over  and  above  that  used  in  the  simple  un- 
cooled compartment.  In  general,  the  farther  down  a system  is  on  the  summary 
chart,  the  more  effective  a means  it  is  of  limiting  equipment  temperature 
rise.  Below  and  to  the  left  of  the  uncooled  compartment  are  shown  methods 
of  protecting  individual  equipment  components  against  excessive  temperature 
rise.  As  with  the  methods  for  protecting  all  of  the  equipments  In  a com- 
partment, those  for  individual  components  are  also  shewn  in  order  of  ascend- 
ing effectiveness.  The  means  for  protecting  individual  components  are  con- 
sidered in  cases  where  the  uncooled  compartment  is  sufficient  for  most  of 
the  equipment,  but  where  a few  critical  components  must  have  special  pro- 
tection. 

Among  the  systems  used  to  protect  an  entire  compartment  and  among  those 
used  for  critical  components  there  is  considerable  overlap  in  performance. 

In  mary  cases  it  could  be  very  difficult  to  select  one  system  in  preference 
to  another  on  the  basis  of  performance  alone.  In  addition,  however,  there 
are  usually  other  factors  of  a structural  or  functional  nature  which  may 
preclude  the  use  of  one  system  or  indicate  the  desirability  of  another.  The 
importance  of  such  factors  is  dependent  on  the  circumstances  of  the  particu- 
lar design,  and  so  cannot  be  ascertained  quantitatively  here.  The  remainder 
of  this  Section  is  devoted  to  the  problem  of  selecting  a protective  system 
on  the  basis  of  its  thermal  performance.  The  structural  and  functional 
factors  likely  to  be  involved  are  also  considered  briefly,  although  their 
final  evaluation  is  largely  a matter  of  individual  judgement.  Systems  for 
protecting  all  of  the  equipment  in  a compartment  are  considered  first,  and 
those  for  individual  component  protection  later.  Within  each  category  the 
systems  are  considered  in  the  order  shown  in  Figure  XI-1. 
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Figure  XI-1 

Summary  Chart  for  the  Methods  of  Protecting 
Equipment  from  Excessive  Temperature  Rise 
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NOMENCLATURE 

HWNBDIW1TSC" 

Symbol 

Definition 

Units 

e 

Specific  beat 

Btu/lb-°R 

m 

Weight,  based  on  unit  skin  area 

lb/ft2 

<1 

Heat  flux,  based  on  unit  skin  area 

Btu/hr-ft2 

T 

Absolute  temperature 

°R 

T 

Time 

hr 

Subscripts 

a,b,c 

d 

e 

ed 

eo 

g 

o 

w 


Denote  example  cases.  Figure  XI-2 

Denotes  design  value 

Denotes  equipment  temperature 

Denotes  design  value  of  equipment  temperature  - 
maximum  allowable  value 

Denotes  initial  value  of  equipment  temperature 

Denotes  generated  value 

Denotes  external  value 

Denotes  skin  value 


GENERAL  INFORMATION  PREREQUISITE  TO  SYSTEM  SELECTION  AND  DESIGN 

In  order  to  make  final  selection  and  design  of  a system  for  limiting 
the  temperature  rise  of  equipment,  it  is  necessary  to  know  all  of  the  char- 
acteristic a of  the  compartment  and  equipment  that  influence  the  heat  trans- 
fer processes*  If  some  of  these  characteristics  are  unknown  and  cannot  be 
estimated,  it  is  not  possible  to  evaluate  the  heat  transfer  processes  and 
hence  the  amount  of  cooling  or  other  protection  required.  The  significant 
information  prerequisite  to  the  selection  and  design  of  a protection  system 
is  summarized  as  follows: 

1*  The  skin  temperature  of  the  aircraft* 

2*  The  total  amount  of  skin  surface  in  direct  thermal  communication 
•with  the  equipment  compartment* 

3*  The  total  surface  area  of  the  equipment  available  for  free  convec- 
tion heat  transfer. 


Uli6 


WADC-TR  53-H^ 


u.  The  total  surface  area  of  the  equipment  available  for  radiation 
heat  transfer  -with  the  skin  or  skin  insulation, 

5#  The  emissivities  of  all  surfaces  involved  in  radiant  heat  transfer, 

6,  The  equipment  temperature  at  the  beginning  of  flight, 

7«  The  allowable  equipment  temperature  rise. 

8,  The  desired  flight  duration. 

9*  The  total  weight  of  equipment  and  its  average  specific  heat, 

10,  The  total  heat  generation  rate  of  the  equipment. 

11,  The  required  compartment  air  pressure, 

12.  If  an  ultimate  coolant,  such  as  fuel,  is  to  be  used,  the  quantity 
and  temperature-time  history  of  the  coolant  available,  and  the 
physical  and  thermodynamic  properties  of  the  coolant. 

13.  If  insulation  is  used,  the  physical  and  thermal  properties  of  the 
insulation. 

For  analyzing  the  heat  transfer  processes  of  a compartment  as  a whole, 
it  is  convenient  to  express  the  equipment  convection  area,  weight,  and  heat 
generation  on  the  basis  of  unit  compartment  skin  area  (referring  to  the 
skin  of  item  2).  The  method  of  doing  this  is  given  in  detail  in  Section  V. 
Fear  analyzing  the  heat  transfer  processes  for  a specific  component,  these 
items  are  expressed  as  total  values  for  the  component  involved.  Examples 
of  this  practice  are  found  in  Sections  IX  and  X. 


SELECTION  OF  SYSTEMS  FOR  PROTECTION  OF  ALL  EQUIPMENTS  IN  A COMPARTMENT 
1.  General 


As  a first  step  in  selecting  a means  for  protecting  all  of  the 
equipments  in  a compartment  from  excessive  temperature  rise,  it  is  well  to 
employ  a graphical  representation  of  certain  salient  factors  involved.  Fig- 
ure XI-2  is  a schematic  example  of  this.  The  initial  equipment  temperature 
and  maximum  allowable  equipment  temperature  are  plotted  versus  a time  axis 
representing  the  duration  of  flight,  as  shown  at  points  Te0  and  T^,  re- 
spectively. Since  the  problem  here  is  confined  to  that  of  equipment  tem- 
perature rise  in  high  speed  flight,  the  skin  temperature  would  be  somewhere 
above  the  maximum  allowable  equipment  temperature,  as  indicated  by  T^.  Next 
a lire  is  constructed  to  represent  the  equipment  temperature  assuming  that 
the  equipment  is  perfectly  insulated,  and  therefore  exchanges  no  heat  with 
its  surroundings.  The  equation  for  this  line  is 
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Figure  XI-2.  Schematic  of  First  Step  in  Selection  Procedure 

from  which  it  is  seen  that  the  equipment  temperature  rise  is  assumed  to  be 
due  to  the  heat  generation  alone.  Three  examples  of  such  a line  are  shown 
as  (a),  (b)  and  (c)  in  the  figure,  and  correspond  to  the  three  general  pos- 
sibilities. In  the  case  shown  as  (a),  the  temperature  of  perfectly  insu- 
lated equipment  at  the  end  of  the  flight  is  less  than  T^.  This  indicates 
that  the  temperature  of  an  actual  equipment  could  be  prevented  from  exceed- 
ing Te(j  if  sufficient  insulation  of  the  skin  is  provided  such  that 

n < (roece)(Ted‘“Tet) 

ir. 


So  many  factors  are  involved  that  it  is  impossible  to  state  at  once  whether 
the  use  of  insulation  alone  would  be  practical,  A case  such  as  (a)  indi- 
cates that  it  is  theoretically  possible,  however,  so  that  the  uncooled  com- 
partment, using  only  skin  insulation,  should  be  given  first  consideration, 
lfhen  the  equipment  does  not  generate  heat,  the  case  is  represented  as  a 
horizontal  line  beginning  at  Teo.  This  is  obviously  in  the  same  category  as 
case  (a)  of  Figure  XI-2,  and  requires  that  the  uncooled  compartment  be  con- 
sidered first.  In  the  case  shown  as  (b)  the  temperature  plot  for  perfectly 
insulated  equipment  intersects  the  point  Te<i.  It  is  therefore  apparent  that 
absolutely  perfect  insulation  would  have  to  be  provided  in  this  case  if 
nothing  but  insulation  were  used  a3  a protection  for  the  equipment.  Achiev- 
ing this  performance  with  insulation  alone  is  therefore  a practical  impossi- 
bility, since  an  infinite  thickness  of  insulation  is  required.  In  practice 
the  effect  of  perfect  insulation  or  a slight  cooling  effect  can  sometimes 
be  achieved  with  a fuel  jacket  for  the  compartment.  Cases  such  as  (b) 
therefore  require  that  first  consideration  be  given  to  the  use  of  a fuel 
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jacket*  If  this  possibility  is  excluded,  some  cooling  method  must  be  em- 
ployed in  addition  to  skin  insulation.  In  the  case  shewn  as  (c)  the  tam- 
per ature  of  the  perfectly  insulated  equipment  is  greater  than  T^*  Since 
external  heat  loads  to  the  equipment  would  cause  the  actual  temperature  to 
exceed  at  Td,  it  follows  that  a case  of  this  type  absolutely  requires 
some  cooling  effect  in  the  compartment.  The  designer  should  therefore 
eliminate  consideration  of  an  uncooled  compartment,  unless  he  is  at  liberty 
to  increase  the  thermal  capacity  moCe  to  such  an  extent  that  the  case  can  be 
made  to  fall  in  the  class  of  case  fa; • 

The  principal  value  of  this  preliminary  graphical  analysis  lies  in  the 
possibility  that  it  may  eliminate  unwarranted  detailed  consideration  of  the 
uncooled  compartment.  Otherwise  a detailed  consideration  of  all  possibili- 
ties beginning  with  the  uncooled  compartment  and  following  the  order  of  the 
following  paragraphs  is  required. 


2.  The  Uncooled  Compartment 

As  long  as  the  temperature  of  perfectly  insulated  equipment  can 
be  represented  ty  a plot  such  as  that  labeled  (a)  in  Figure  XI-2,  where 
Te0  Ted*  the  uncooled  compartment  is  a possible  means  of  preventing  ex- 
cessive equipment  temperature  rise.  As  the  cases  considered  approach 
closer  to  case  (b),  the  use  of  the  uncooled  compartment  becomes  less  practi- 
cal because  of  the  great  insulation  thicknesses  required. 

A detailed  consideration  of  the  uncooled  compartment  involves  determina- 
tion of  the  insulation  thickness  required.  This  is  done  by  the  method  given 
in  the  design  portion  of  Section  7,  using  either  the  calculation  procedures 
or  the  given  charts,  if  applicable.  When  this  is  completed,  it  must  be  de- 
termined from  judgement  of  the  particular  case  whether  the  required  insula- 
tion thickness  can  be  accommodated  in  the  compartment  or  not.  If  the  insula- 
tion thickness  required  is  excessive,  the  use  of  a smaller  amount  of  insula- 
tion together  with  some  added  thermal  capacity  in  the  compartment  should  be 
considered.  As  shown  in  Section  V,  the  flight  time  required  to  produce  a 
given  temperature  rise  under, given  conditions  of  heat  load  is  directly  pro- 
portional to  the  thermal  capacity.  Therefore  the  use  of  deliberately  added 
thermal  capacity  with  the  equipment  is  a powerful  means  of  preventing  ex- 
cessive equipment  temperature  rise  in  an  uncooled  compartment. 

It  is  worthwhile  to  devote  considerable  attention  to  the  design  method 
of  Section  7,  and  to  use  the  facilities  of  the  compartment  to  accommodate 
thick  skin  insulation  and  added  thermal  capacity  as  completely  as  possible. 
The  performance  of  these  two  elements  in  preventing  temperature  rise  is  very 
reliable  when  they  are  properly  installed,  and  free  of  the  possible  perform- 
ance failures  which  attend  the  use  of  more  elaborate  protection  measures. 

In  general  the  relative  value  of  space  within  the  compartment  and  space  near 
the  skin  in  a given  installation  must  be  the  criterion  of  whether  to  empha- 
size the  use  of  insulation  or  of  thermal  capacity.  Although  the  use  of 
either  or  both  in  proper  amounts  may  be  possible  to  achieve  a specified 
limit  to  the  temperature  rise,  in  cases  where  weight  is  a critical  factor 
it  may  be  desirable  to  seek  an  optimum  combination  of  the  two  which  repre- 
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sents  a minimum  cost  in  terms  of  added  freight.  From  this  viewpoint  ary 
added  thermal  capacity  should  be  achieved  by  using  a substance  of  high 
specific  heat,  such  as  -water,  and  the  insulation  should  consist  of  light- 
weight, effective  materials. 

In  general  -toe  process  of  designing  for  an  optimum  combination  of  in- 
sulation and  thermal  capacity,  from  the  standpoint  of  minimum  weight  or 
minimum  volume,  involves  considerable  computing  labor.  It  is  necessary  to 
select  a range  of  thermal  capacities  (representing  the  total  of  equipment 
and  deliberately  added  thermal  capacity)  and  then  determine  the  correspond- 
ing insulation  thicknesses.  This  requires  a repeated  application  of  the 
methods  of  Section  V.  On  completing  these  calculations,  the  weight  and/or 
volume  requirements  of  the  insulation  and  added  thermal  capacity  are  deter- 
mined, and  their  sum  in  each  case  is  plotted  against  a parameter  describing 
either  the  amount  of  insulation  or  the  added  thermal  capacity.  Such  a plot 
is  then  inspected  to  find  the  optimum  design,  or  minimum  point.  It  is  pos- 
sible that  no  optimum  combination  may  exist,  and  that  such  a procedure 
would  simply  indicate  that  the  result  should  be  achieved  either  entirely 
with  insulation  or  entirely  with  added  thermal  capacity.  In  general,  it  is 
not  possible  to  predict  whether  an  optimum  design  exists,  because  of  the 
wide  variation  in  materials  and  their  physical  properties  which  might  be 
used  in  many  combinations  to  achieve  the  insulation  and  added  thermal  ca- 
pacity effects.  If  at  the  end  of  such  a design  effort  it  is  found  that  no 
use  of  insulation,  thermal  capacity,  or  combination  of  the  two  is  satis- 
factory, it  is  necessary  to  go  on  to  the  consideration  of  more  elaborate 
protection  methods. 


3.  The  Fuel- Jacketed  Compartment 

In  order  of  increasing  effectiveness  in  protecting  equipment  from 
excessive  temperature  rise,  the  fuel- jacketed  compartment  follows  the  un- 
cooled compartment.  The  fuel  jacket  consists  of  flat  ducts  or  other  ap- 
propriate means  for  forming  a shield  of  fuel  between  the  equipment  and  the 
skin  of  the  compartment.  In  the  interests  of  conserving  installation  space 
within  the  compartment,  this  jacket  should  obviously  be  located  as  near  the 
skin  as  possible.  Usual  practice  also  requires  insulation  between  the  skin 
and  the  jacket,  both  to  prevent  exposing  the  fuel  to  the  high  skin  tempera- 
tures and  to  limit  the  heat  transfer  from  the  skin  to  the  fuel.  It  is  em- 
phasized that  this  fuel  jacket  need  not  surround  the  entire  compartment 
unless  the  skin  does.  The  fuel  jacket  is  only  provided  to  cover  the  area  of 
the  inner  face  of  the  aircraft  skin  which  is  in  direct  thermal  conrvunication 
with  the  compartment. 

The  fuel- jacketed  compartment  is  effective  in  dealing  with  cases  simi- 
lar to  that  plotted  as  (b)  in  Figure  XI-2 . Since  the  fuel  temperature  is 
usually  considerably  below  the  temperature  of  the  skin  and  of  the  same  order 
as  the  temperature  of  the  equipment,  the  fuel  jacket  tends  to  function  as  a 
nearly  perfect  insulator.  The  equipment  receives  some  heat,  however,  if  the 
fuel  temperature  is  greater  than  the  equipment  temperature.  Conversely,  the 
equipment  is  cooled  somewhat  if  the  equipment  temperature  is  above  the  fuel 
temperature.  It  is  shown  in  Section  VI  that  the  true  plot  of  equipment  tem- 
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perature  versus  time  must  be  between  the  plot  of  fuel  temperature  versus 
time  and  the  plot  for  the  temperature  of  perfectly  insulated  equipment. 
Therefore  it  is  possible  to  establish  a range  of  temperatures  within  which 
the  equipment  temperature  must  be  before  making  a detailed  design.  (The 
range  is  approximate  if  the  temperatures  on  entrance  to  the  fuel  jacket  are 
used,  since  heat  gains  or  losses  of  the  fuel  should  actually  be  included  in 
establishing  its  average  temperature,  as  pointed  out  in  Section  VI.)  If 
this  range  of  temperatures  is  entirely  below  Te<j,  and  temperatures  in  the 
range  are  not  detrimental  to  proper  equipment  operation,  the  fuel  jacket  is 
satisfactory  from  the  standpoint  of  temperature  rise  performance.  When  Te<j 
is  somewhere  within  the  range  of  temperatures  as  described  above,  the  entire 
design  procedure  of  Section  VI  should  be  used  to  determine  the  significant 
details  and  predicted  temperature  rise  performance  of  the  equipment.  If  Te(j 
is  below  tiie  range  of  temperatures  between  the  fuel  temperature  and  the  tem- 
perature of  perfectly  insulated  equipment,  it  is  impossible  to  limit  the 
equipment  temperature  to  the  value  of  T^  with  a fuel  jacket  alone.  If  this 
is  the  case,  it  may  be  worthwhile  to  consider  adding  thermal  capacity  to 
lower  the  temperature  rise  of  perfectly  insulated  equipment. 

The  factors  mentioned  thus  far  have  dealt  only  with  the  temperature 
rise  performance  of  equipment  in  a fuel- jacketed  compartment.  With  this 
type  of  compartment  there  are  a number  of  functional  and  structural  consid- 
erations of  importance.  The  fuel  jacket  cannot  be  used  if  the  resulting 
heat  addition  to  the  fuel  would  cause  enough  temperature  rise  to  interfere 
with  proper  distribution  and  performance  of  the  fuel  in  the  power  plant. 

In  addition,  the  presence  of  a fuel  jacket  virtually  precludes  accessibility 
to  the  compartment  through  the  jacketed  surfaces,  and  the  duct  system  in- 
volves more  leakage  hazard  than  where  the  fuel  is  not  used  for  auxiliary 
purposes.  Finally,  in  cases  where  the  skin  temperature  is  quite  high,  the 
insulation  thickness  required  to  protect  the  fuel  from  exposure  to  high  tem- 
perature and  objectionable  heat  gain  may  be  excessive.  In  cases  where  these 
considerations  or  unsatisfactory  equipment  temperature  rise  indicates  that 
a fuel- jacketed  compartment  cannot  be  used,  it  is  necessary  to  consider  one 
or  both  of  the  cooling  methods  which  follow. 


U*  The  Compartment  With  an  Air-to-Liquid  Heat  Exchanger 

Where  the  equipment  generates  enough  heat  to  be  of  the  type  shown 
as  case  (c)  in  Figure  XI-2,  a cooling  method  must  always  be  used,  since  re- 
moval of  some  of  the  generated  heat  is  required  as  well  as  protection  from 
external  heating  effects.  In  a compartment  with  an  air-to-liquid  heat  ex- 
changer the  cooling  effect  is  achieved  by  using  circulated  air  to  transfer 
heat  from  the  equipment  to  a heat  exchanger  using  fuel  or  some  other  suit- 
able primary  coolant.  In  addition,  skin  insulation  is  used  to  reduce  the 
external  heat  loads  to  the  equipment  and  thus  reduce  the  over-all  heat  load 
to  the  heat  exchanger.  Where  two  principal  elements  of  design  such  as  in- 
sulation and  the  heat  exchanger  are  present,  it  is  necessary  to  consider 
various  combinations  of  the  two  in  order  to  achieve  the  best  design.  A pro- 
cedure and  example  of  designing  for  a minimum  total  requirement  in  either 
weight  or  volume  is  given  in  Section  VU. 
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It  is  obvious  that  the  use  of  a system  of  this  kind  assumes  the  availa- 
bility of  a coolant  which  is  at  a lower  temperature  than  T^j.  Just  how  far 
below  the  fuel  or  coolant  temperature  must  be  is  dependent  on  a number 
of  factors,  including  the  amount  of  cooling  effect  required,  the  air  circu- 
lation rate,  and  the  effectiveness  of  both  the  equipment  and  the  heat  ex- 
changer as  heat  transfer  devices.  It  is  not  possible  to  generalize  these 
factors  sufficiently  to  determine  whether  or  not  a given  temperature  differ- 
ence is  feasible  in  advance  of  preparing  a detailed  design.  It  should  be 
observed,  however,  that  the  use  of  air  as  the  secondary  coolant  must  neces- 
sarily impose  a rather  large  temperature  potential  between  the  equipment  and 
the  fuel  as  a prerequisite  to  a large  cooling  capacity.  Any  attempt  to  de- 
crease this  temperature  potential  must  involve  increased  weight  and  size  in 
the  heat  exchanger  and/or  increased  power  requirements  for  circulating  the 
air.  If  fuel  is  unsatisfactory  as  a coolant  in  this  application,  but  other 
coolants  are  available,  the  design  procedure  of  Section  VII  can  still  be 
used,  provided  information  is  available  to  describe  the  variation  of  coolant 
temperature  with  flight  time.  If  such  a coolant  is  provided  expressly  for 
this  application,  its  storage  space  and  weight  requirements  are  chargeable 
to  the  design  when  comparing  it  with  other  possible  methods  of  achieving  the 
same  result.  In  cases  where  fuel  is  used  as  the  coolant,  and  where  the  heat 
generation  rate  of  the  equipment  is  small,  the  compartment  with  a heat  ex- 
changer may  compare  unfavorably  with  one  which  uses  a fuel  jacket.  In  the 
former  the  equipment  receives  heat  from  the  skin,  which  them  requires  an 
appropriate  temperature  potential  for  its  transfer  to  the  coolant.  In  the 
fuel  jacketed  compartment  the  equipment  is  protected  from  skin  heat  transfer 
and  free  convection  and  radiation  may  be  sufficient  to  take  care  of  a low 
heat  generation  rate. 

In  addition  to  considerations  of  performance  and  space  or  weight  re- 
quirements, there  are  a number  of  functional  and  structural  considerations 
involved  in  the  use  of  an  air-to-liquid  heat  exchanger.  One  significant 
advantage  of  this  system  is  that  the  use  of  air  as  a secondary  coolant  does 
not  require  special  component  design,  since  most  components  are  suited  to 
operation  in  an  atmosphere  of  air.  Furthermore,  the  use  of  a duct  distri- 
bution qjrstem  with  a secondary  coolant  permits  wide  freedom  in  the  location 
of  the  cooled  components.  Finally,  the  interposition  of  the  equipment  be- 
tween the  skin  and  the  coolant  greatly  reduces  the  over-all  heat  load  to 
the  coolant  as  compared  to  that  involved  when  a fuel  jacket  is  used.  There- 
fore, the  heat  exchanger  system  can  generally  be  used  where  smaller  amounts 
of  coolant  are  available.  There  are  also  disadvantages  to  the  use  of  a heat 
exchanger  and  forced-air  system.  One  obvious  disadvantage  is  the  apparatus 
required  to  circulate  the  air  properly,  including  ducts,  blower  and  motor. 
Since  the  air  must  be  properly  directed  around  the  cooled  components,  the 
baffles  or  casings  required  for  this  are  likely  to  present  a problem  where 
different  components  must  be  connected  through  moving  mechanical  linkages. 
The  designer  should  carefully  weigh  the  importance  of  these  advantages  and 
disadvantages  in  comparison  with  those  of  other  cooling  methods,  such  as 
fuel-cooled  plates,  before  making  a final  system  selection. 
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$.  The  Compartment  With  a Fuel-Cooled  Mounting  Plate 

Another  method  for  cooling  equipments  in  cases  of  the  type  (c)  of 
Figure  XI-2  is  to  use  a fuel-cooled  mounting  plate*  This  naturally  assumes 
that  the  fuel  to  be  used  as  a coolant  is  available  at  temperatures  below 
the  maximum  allowable  equipment  temperature . The  fuel-cooled  surface  is  a 
metal  plate  or  structure,  through  which  there  are  passages  far  the  circula- 
tion of  fuel  coolant.  The  cooled  equipment  components  are  attached  to  the 
plate  in  a manner  which  provides  a good  path  for  the  direct  conduction  of 
heat  from  the  components  to  the  plate.  As  with  the  heat  exchanger  discussed 
previously,  skin  insulation  may  also  be  used  in  the  compartment.  A detailed 
procedure  and  examples  of  the  design  of  fuel-cooled  mounting  plates  are 
given  in  Section  VIII. 

An  outstanding  characteristic  of  this  method  of  cooling  equipment  is 
that  it  can  be  used  to  maintain  the  equipment  at  a temperature  quite  close 
to  the  coolant  temperature.  In  order  to  take  full  advantage  of  this,  how- 
ever, it  is  necessary  to  design  the  equipment  components  specially  so  that 
they  effectively  conduct  heat  to  whichever  of  their  surfaces  or  parts  are 
attached  to  the  fuel-cooled  plate.  With  metallic  mechanical  equipment  this 
need  present  no  problem.  With  components  which  are  assemblies  of  a number 
of  small  heat  generating  bodies,  such  as  electronic  equipment,  special  de- 
signs which  differ  somewhat  from  current  practice  would  probably  be  required. 

As  with  other  cooling  or  protection  methods,  there  are  structural  and 
functional  considerations  involved  in  the  use  of  fuel-cooled  mounting  plates. 
A disadvantage  of  their  use  is  that  there  is  some  restriction  to  the  loca- 
tion of  the  cooled  components  if  they  are  all  to  be  placed  on  the  same 
mounting  plate.  If  certain  components  had  to  be  held  in  a particular  spatial 
position  with  respect  to  others,  and  could  not  be  mounted  to  base  areas  in 
the  same  plane,  more  -than  one  cooling  plate  would  be  required.  Another  dis- 
advantage in  common  with  the  use  of  an  air-to-fuel  heat  exchanger  is  the 
pressure  drop  introduced  in  the  fuel  circulating  system  due  to  use  of  the 
fuel  as  a coolant.  However,  cooling  plates  of  high  cooling  capacity  can 
usually  be  designed  to  operate  with  rather  small  pressure  drop,  so  that  this 
factor  is  unimportant  except  where  fuel  systems  which  operate  at  very  low 
pressures  are  used.  A pronounced  advantage  of  the  method  using  a fuel-cooled 
plate  is  that  it  does  not  employ  a secondary  coolant.  The  ductwork  and 
other  circulating  apparatus  used  far  a secondary  coolant  are  therefore  not 
present.  This  not  only  saves  space  and  weight,  but  results  in  good  accessi- 
bility far  the  cooled  components.  The  importance  of  these  advantages  and 
disadvantages  must  be  carefully  weighed  in  the  light  of  a specific  cooling 
problem  before  making  final  selection  of  a cooling  system. 


SELECTION  OF  SYSTEMS  FOR  PROTECTION  OF  INDIVIDUAL  COMPONENTS 
1.  General 

There  are  situations  in  which  the  problem  of  preventing  excessive 
temperature  rise  of  equipment  does  not  present  any  difficulty  except  for  a 
few  critical  components  in  a group.  It  might  be  found,  for  instance,  that 
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all  of  the  components  of  a compartment  save  one  or  tiro  are  adequately  pro- 
tected by  using  a reasonable  amount  of  skin  insulation  and/or  added  thermal 
capacity.  In  cases  such  as  this  it  is  in  the  interests  of  space  and  -weight 
economy  as  well  as  performance  reliability  to  concentrate  on  providing 
special  protection  only  for  those  critical  conponents  which  actually  need 
it.  There  are  a number  of  factors  which  may  result  in  critical  temperature 
rise  of  an  individual  component.  As  pointed  out  in  Section  H,  a component 
with  a low  thermal  capacity  as  compared  to  the  average  far  all  of  the  equip- 
ment in  the  compartment  rises  in  temperature  more  rapidly  than  does  all  other 
equipment  on  the  average.  A component  with  a higher  than  average  value  of 
surface  emissivity  behaves  in  similar  manner  if  its  surface  is  exposed  so 
that  it  receives  heat  by  radiation.  Another  critical  situation  is  that 
where  a component  is  a concentrated  source  of  generated  heat.  In  this  con- 
nection, it  should  be  noted  that  the  use  of  an  average  heat  generation  rate 
for  all  of  the  components  of  a compartment  in  calculating  their  temperature 
rise  is  based  on  the  assumption  that  the  heat  generation  is  distributed 
quite  evenly  among  the  components.  Where  this  is  not  the  case  the  heat  gen- 
erating components  may  require  special  cooling  if  they  are  to  be  restricted 
to  a reasonable  temperature  rise.  Whether  or  not  a specific  component  which 
departs  appreciably  from  average  conditions  requires  special  protection  can 
be  determined  approximately  by  the  calculation  methods  of  Section  IX.  The 
environment  temperatures  are  determined  first  as  based  on  the  heat  transfer 
processes  for  the  average  equipments.  The  temperature  rise  of  the  individual 
component  without  special  protection  is  then  calculated  as  in  Section  IX,  as- 
suming no  radiation  heat  transfer  with  the  other  components . If  this  tem- 
perature rise  is  too  great,  the  special  protection  methods  described  below 
must  be  considered. 


2.  The  Individual  Component  with  Insulation  and/or  Added  Thermal 
Capacity' 

The  simplest  method  of  protecting  an  individual  component  is  to 
cover  it  with  insulation  and/or  add  to  its  thermal  capacity.  The  first  of 
these  reduces  the  external  heat  load  to  the  conponent  if  the  environment 
temperatures  are  above  the  component  temperature.  The  addition  of  thermal 
capacity  does  not  reduce  heat  loads,  but  tends  to  offset  their  effect  of 
raising  the  component  temperature,  whether  the  heat  load  be  external  or  gen- 
erated ty  the  conponent.  The  temperature  rise  of  a conponent  provided  with 
either  of  these  special  means  of  protection  is  easily  calculated  using  the 
methods  of  Section  IX  or  X.  The  designer  should  use  these  methods,  first 
assuming  the  addition  of  as  much  thermal  capacity  as  is  feasible  in  terms  of 
added  weight  and  space,  thereby  determining  if  the  protection  problem  is 
within  the  scope  of  those  which  can  be  solved  with  added  thermal  capacity. 

If  so,  the  amount  added  may  then  be  reduced  arbitrarily  until  by  successive 
trials  the  proper  amount  for  the  application  is  found.  Similarly,  for  in- 
sulation alone,  the  greatest  feasible  thickness  should  be  selected  first, 
and  the  temperature  rise  evaluated  as  in  Section  X.  If  the  tenperature  rise 
is  less  than  the  maximum  allowable,  the  insulation  thickness  may  then  be  re- 
duced by  successive  trials  until  the  minimum  amount  for  the  application  is 
found.  In  specific  instances  it  may  be  desired  to  use  both  added  thermal 
capacity  and  insulation.  The  optimum  combination  of  the  tiro  is  likely  to 
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depend  on  an  efficient  utilization  of  space  for  the  two  protection  means. 

For  instance , a component  may  consist  of  an  assemblage  of  parts  enclosing 
certain  voids,  which  could  be  used  to  enclose  added  thermal  capacity  (e.g., 
sealed  cans  of  water)  without  penalty  to  the  over-all  size  of  the  component. 
If  this  were  not  sufficient,  insulation  might  be  added  to  make  up  the  dif- 
ference in  performance  required. 

It  is  emphasized  that  the  use  of  insulation  as  a means  of  protection  for 
heat  generating  components  may  be  of  no  value,  since  it  hinders  cooling  ef- 
fects if  the  component  is  above  the  compartment  air  temperature.  This  sub- 
ject is  discussed  at  length  in  Section  X.  Added  thermal  capacity  can  be 
used  with  benefit  in  any  case. 

It  is  recommended  that  thorough  consideration  be  given  to  Idle  use  of 
thermal  capacity  and  insulation  before  discarding  the  method  in  favor  of 
more  elaborate  ones.  The  method  offers  a performance  reliability  -which  in 
general  cannot  be  achieved  by  more  complicated  means.  If  the  method  is  un- 
suited, and  some  cooling  must  be  provided,  either  of  the  two  cooling  schemes 
which  follow  should  be  studied. 


3.  The  Individual  Component  Mounted  on  a Fuel-Cooled  Mounting  Plate 

A simple  method  for  cooling  a component  to  prevent  excessive  tem- 
perature rise  is  to  use  a fuel— cooled  mounting  plate.  The  same  considerations 
apply  to  this  application  as  when  cooling  all  of  the  equipment  in  the  com- 
partment in  this  manner.  As  pointed  out  in  Section  Till,  however,  the  method 
of  determining  the  external  heat  load  to  the  cooled  equipment  is  different 
when  only  one  or  a few  components  are  cooled.  In  this  case  the  environmental 
temperatures  of  the  compartment  are  assumed  to  be  established  by  the  uncooled 
contents  of  the  compartment.  The  external  heat  load  to  the  cooled  component 
is  therefore  calculated  just  as  it  is  for  special  components  of  the  type  con- 
sidered in  Sections  IX  and  X.  Section  VIII  should  be  consulted  for  the  de- 
tails of  designing  a fuel-cooled  mounting  plate.  When  a detailed  design  is 
completed,  it  should  be  compared  on  the  basis  of  the  performance  it  offers 
and  all  of  the  constructional  and  functional  considerations  involved  with 
another  applicable  cooling  method,  such  as  that  described  next.  The  general 
advantages  and  disadvantages  of  cooling  plates  as  a cooling  device  are  dis- 
cussed earlier  in  this  Section,  on  page  XI-10. 


4.  The  Individual  Component  with  Evaporative  Coolant 

Evaporative  cooling  is  the  most  effective  means  of  cooling  an  in- 
dividual component  when  measured  in  terms  of  its  performance.  Since  the 
evaporation  temperature  of  any  substance  is  controlled  by  its  pressure,  a 
wide  variety  of  coolant  evaporation  temperatures  is  available  through  use  of 
a pressure-regulated  coolant  discharge.  The  designer,  therefore,  enjoys 
some  freedom  in  the  design  of  equipment  components,  since  comparatively  low 
operating  temperatures  can  be  provided,  if  necessary.  A design  procedure 
for  finding  the  amount  of  evaporative  coolant  required  to  provide  a desired 
cooling  effect  at  a given  temperature  for  a given  flight  duration  and  known 
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environmental  conditions  for  the  component  is  given  in  Section  II.  The  use 
of  insulation  on  the  component  together  with  evaporative  coolant  is  con- 
sidered in  Section  I. 

Notwithstanding  the  wide  range  of  cooling  performance  available  with 
an  evaporative  coolant,  there  are  other  considerations  which  may  preclude 
its  use.  The  most  obvious  of  these  is  the  need  for  providing  the  coolant 
itself.  Whereas  the  use  of  fuel  as  a coolant  is  only  making  auxiliary  use 
of  a medium  which  is  already  present  on  the  aircraft,  the  use  of  am  evapora- 
tive coolant  requires  storage  facilities  for  the  coolant,  with  inevitable 
space  and  weight  penalties . Whether  or  not  this  presents  a significant 
problem  depends  on  the  size  of  the  cooling  job  to  be  performed.  Another 
disadvantage  is  the  requirement  of  some  adequate  means  of  coolant  control. 
Although  constant-temperature  evaporation  of  an  expendable  coolant  can  be 
obtained  with  a simple  pressure  regulator  in  the  discharge  line,  this  is 
nevertheless  a complication  not  required  in  the  simpler  protection  methods. 
As  such  it  introduces  a possibility  of  failure  in  performance.  Other  pos- 
sible disadvantages  are  related  to  the  manner  in  which  the  coolant  protec- 
tion is  applied  to  the  component.  If  the  most  complete  protection  is  de- 
sired, the  component  should  be  immersed  in  the  liquid  coolant,  possibly  re- 
quiring special  component  design.  For  less  complete  but  still  very  effec- 
tive protection,  the  component  is  entirely  enclosed  so  that  it  and  its  en- 
closure are  in  very  good  thermal  contact  with  a container  of  the  coolant. 
This  results  in  limited  access  to  the  component  or  its  parts.  In  the  method 
least  desirable  from  a performance  standpoint,  the  coolant  is  contained  in  a 
mounting  surface  to  which  the  component  is  attached  in  the  same  manner  as  to 
a fuel-cooled  plate.  As  with  the  latter,  the  component  must  then  be  de- 
signed to  give  high  thermal  conductance  from  all  of  its  parts  to  the  plate. 
The  accessibility  of  the  component  is  highest  in  this  last  method  of  appli- 
cation. All  of  these  factors  must  be  compared  with  those  far  the  other 
systems  before  selecting  a method  far  the  protection  of  individual  compo- 
nents. A preliminary  survey  of  these  factors  may  eliminate  one  method  from 
consideration.  Otherwise  it  is  necessary  to  complete  detailed  designs  of 
two  or  more  protection  methods  in  order  to  make  a proper  selection  from 
among  them. 
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APPENDIX  I 
HffiSICAL  ffiOFERTHS 


A table  and  charts  are  given  here  for  physical  properties  -which  are 
frequently  required  for  the  calculations  described  in  this  Report.  The 
values  of  temperature  and  pressure  for  the  NA.CA  Standard  Atmosphere  are 
given  in  Table  AI-1.  Physical  properties  of  Air  and  JP-3  fuel  are  given  in 
Figures  AI-1  and  AI-2,  respectively. 

Table  AI-1.  Variation  of  Atmospheric  Pressure  and 
Temperature  vrith  Altitude  (N.A.C.A.  Standard  Atmosphere) 


Altitude, 

1000-ft 

- o* 
*0 

r #* 

do 

Altitude, 

1000-ft 

0* 

wo 

, ** 

<>o 

0 

1.0000 

1.0000 

30 

0.7940 

0.2970 

2 

0.9863 

0.9298 

32 

0.7803 

0.2709 

4 

0.9724 

O.8637 

34 

0.7665 

0.2467 

6 

0.9588 

0.8014 

36 

0.7561 

0.2244 

8 

0.9451 

0.7428 

38 

0.7561 

0.2038 

10 

0.9314 

0.6877 

40 

0.7561 

0.1851 

12 

0.9175 

O.636O 

42 

0.7561 

0.1681 

14 

0.9038 

0.5875 

44 

0.7561 

0.1527 

16 

0.8902 

0.5420 

46 

0.7561 

0.1387 

18 

0.8763 

0.4994 

48 

0.7561 

0.1260 

20 

0.8626 

0.4596 

50 

0.7561 

0.1145 

22 

0.8489 

0.4223 

60 

0.7561 

0.0713 

24 

0.8353 

0.3876 

70 

0.7561 

0.0442 

26 

0.8214 

0.3552 

80 

0.7561 

0.0274 

28 

0.8077 

0.3251 

90 

0.7561 

0.0170 

loo 

0.7561 

0.0106 

*©0  ■ (Temperature, °R)/5l9 
*VC  - (Pressure,  lb/ft2 )/21l8 
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INSULATION  CHARACTERISTICS 


The  use  of  Insulation  is  considered  as  a means  of  protecting  equipments 
against  excessive  temperature  rise  in  several  Sections  of  this  Report.  It 
is  pointed  out,  particularly  in  Sections  V and  I,  that  the  thermal  conduc- 
tivity of  insulating  materials  varies  with  temperature.  Data  are  presented 
in  this  Appendix  to  show  this  variation  for  a lumber  of  insulating  materials. 
A method  is  also  given  for  expressing  such  data  in  a form  which  is  convenient 
for  calculations  of  transient  heat  transfer  processes. 

Figure  AII-1  shows  the  thermal  conductivity  of  a number  of  insulating 
materials  as  a function  of  the  mean  insulation  temperature.  For  practical 
purposes  this  temperature  can  be  considered  as  the  average  of  the  two  in- 
sulation face  temperatures.  For  all  of  the  materials  shown  the  thermal 
conductivity  increases  with  increasing  temperatures.  Furthermore,  in  most 
cases  (asbestos  being  a notable  exception)  the  variation  of  k with  T is  al- 
most linear,  further  justifying  the  use  of  the  arithmetic  mean  temperature 
as  the  true  mean  far  describing  thermal  conductivity.  The  asbestos,  rock 
wool,  glass  wool,  and  Refrasil  insulations  are  loose  materials  that  are  most 
conveniently  used  in  batt  form.  The  values  shown  for  aluminum  foil  are  com- 
mercial values,  while  those  shown  as  0.2-in.  reflective  gaps  are  determined 
analytically.  The  calculation  is  based  on  the  use  of  three  0.2-in.  gaps  in 
series,  and  accounts  for  both  heat  transfer  by  radiation  and  by  gaseous  con- 
duction. The  emissivities  used  are  ■ 0.18  and  62  “ for  each  6aP* 
The  result  of  such  a calculation  is  a conductance  for  the  over-all  thickness 
of  0.6  in.  which  is  converted  to  an  equivalent  conductivity  far  Figure  AII-1. 
An  actual  conductivity  for  reflective  gaps  would  probably  be  higher  than 
that  shown  because  of  heat  conduction  through  structural  members  required 
to  maintain  the  proper  gap  spacing.  The  properties  of  reflective  gaps  as 
an  insulating  material  are  of  particular  interest,  since  this  type  of  in- 
sulation is  well  stated  to  high- temper ature  service,  especially  where  the 
application  is  short-lived  as  with  an  expendable  missile. 

In  order  to  account  for  the  variation  of  thermal  conductivity  of  in- 
sulating materials  in  a transient  calculation,  it  is  convenient  to  use  a 
plot  of  special  form.  An  example  of  this  is  given  in  Figure  AII-2.  One 
face  temperature  r the  insula tL  on  is  assumed  to  be  constant  at  1355°R,  and 
the  other  face  temperature,  which  is  variable,  is  given  by  the  abscissa 
scale.  All  values  of  thermal  conductivity  are  then  divided  ty  the  value 
when  the  variable  face  temperature  is  U6CnR,  and  these  ratios  are  plotted 
against  their  corresponding  values  of  the  variable  face  tempera tur e . The 
actual  value  of  the  ratio  plotted  far  any  face  temperatir  e is  the  value 
which  corresponds  to  the  temperature  (1355+Ti)/2,  where  is  the  variable 
face  temperature.  Since  for  a given  insulation  thickness  the  conductance 
is  directly  proportional  to  the  thermal  conductivity,  the  ordinate  may  be 
labeled  as  a ratio  of  insulation  conductances. 

To  use  such  a chart  in  transient  calculation,  it  is  necessary  to  knew 
the  value  of  T±  at  the  beginning  of  the  calculation,  and  to  define  the  value 
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Figure  AII-1 

Effect  of  Temperature  on  the  Thermal  Conductivity  of  Some  Insulating  Materials 
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Method  of  RBpoPBSBntia*  tha  Variation  of  Insulating  Sffact  *lth  Ts«pBr*turs  for  Calculations 


of  % as  applying  for  this  temperature  condition.  Then  the  chart  is  used  as 
in  the  following  example. 

1.  Assume  that  at  the  beginning  of  a flight  » 700°R,  and  that  suf- 
ficient insulation  is  provided  such  that  » 0.6  when  * 700°R* 

2.  From  Figure  AII-2,  if  rock  wool  is  used,  * 1*1U5*  Then 

clearly  U^  * (0.6/l.lUf>)  ■ 0.52U 

3.  The  value  of  Ui  at  any  subsequent  value  of  Ti  • a is  therefore 
given  by 

" (l£[)  x °^2li 

9k 


The  use  of  such  a chart  together  with  the  proper  definition  of  % is 
a worthwhile  aid  to  transient  calculations  when  the  outside  face  temperature 
is  constfint.  Although  the  chart  was  prepared  for  an  outside  face  tempera- 
ture of  1355°R,  it  is  readily  shown  that  it  may  be  used  for  other  face  tem- 
peratures as  well,  provided  that  (Uj/U-n ) is  a linear  function  of  the  mean 
insulation  temperature . 


Assuming  a linear  relationship,  Ui  may  be  represented  by 
% - A + B Tm  - A+B  (5s^i) 


where  A and  B are  constants,  and  where  Ti  is  the  temperature  of  one  face  of 
the  insulation  while  T*  is  the  temperature  of  the  other.  From  this,  if  Tw 
is  constant,  it  is  clear  that 


dUi  B 

dT i " ? 


constant 


Therefore,  whatever  the  constant  value  of  Tw,  if  Ui  be  displayed  as  a func- 
tion of  Ti,  and  defined  at  some  initial  Ti  the  same  values  of  Ui  are  ob- 
tained for  all  other  values  of  Ti  as  though  a different  T^  were  used. 

The  dashed-line  of  Figure  AII-2  represents  the  variation  of  thermal 
conductivity  with  temperature  which  is  used  to  represent  rock  wool  in  all 
of  the  calculations  of  this  report.  From  the  standpoint  of  heat  transfer 
rate,  it  is  obviously  conservative  compared  to  actual  data.  In  addition, 
however,  it  has  the  advantage  of  representing  glass  wool  and  reflective  gap 
insulation  quite  accurately.  Since  the  insulation  data  can  be  represented 
with  good  accuracy  by  the  straight  dashed  line,  the  variation  of  thermal 
conductivity  with  temperature  is  substantially  linear.  This  same  plot  is 
therefore  used  far  skin  temperatures  Tj  other  than  135>5°R» 
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APPENDIX  III 

fuel  temperature  rise  in  high  speed  flight 


The  use  of  fuel  as  a coolant  for  protecting  equipment  against  excessive 
temperature  rise  in  high  speed  flight  considered  in  Sections  I,  II,  and  VI 
through  VIII*  When  fuel  is  to  be  used  as  a coolant,  it  is  necessary  to  have 
information  available  describing  its  variation  of  temperature  with  flight 
time  - In  this  Appendix  equations  are  developed  which  can  be  used  to  calcu- 
late the  temperature  rise  of  fuel  in  storage  tanks  which  are  cylindrical  in 
shape. 


ANALYSIS 


1*  Assumptions 

The  fundamental  assumptions  on  which  this  analysis  is  based,  are: 

1.  The  fuel  tank  is  cylindrical  in  shape,  with  the  axis  horizontal. 

2*  Heat  transfer  occurs  through  the  cylindrical  surface  of  the 
tank,  but  the  ends  are  perfectly  insulated. 

3*  The  tank  is  pressurized  to  prevent  flashing  of  the  fuel  into 
vapor.  The  tank  contains  a nitrogen  bag  which  expands  as  the 
fuel  is  used,  thereby  eliminating  sloshing. 

U.  Heat  transfer  coefficients  on  the  fuel-side  and  air-side  of 
the  tank  wall  are  independent  of  position. 

5>.  The  recovery  factor  is  neglected,  and  the  air  temperature  far 
purposes  of  heat  transfer  is  taken  as  the  stagnation  tempera- 
ture corresponding  to  flight  speed  and  altitude. 

6.  The  tank  wall  and  any  insulation  used  on  it  have  no  thermal 
capacity. 

7.  The  weight-rate  of  fuel  consumption  is  constant  during  flight. 

8.  The  temperature  drop  due  to  heat  transfer  through  the  tank 
wall  and  the  skin  is  neglected. 

9.  Heat  transfer  to  the  fuel  occurs  only  through  that  portion  of 
the  cylindrical  tank  surface  actually  wetted  by  the  fuel  at 
ary  time. 

Figure  AIII-1  is  a schematic  drawing  of  a fuel  tank  described  by  these 
assumptions.  The  case  shown  is  that  of  a tank  provided  with  insulation. 

The  cylindrical  surface  area  of  the  tank  subtended  by  the  angle  a is  denoted 
by  Af  and  is  called  the  tank  wall  area  wetted  ty  the  fuel.  Differences  be- 
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tween  kf  on  the  inside  of  the  tank  and  the  corresponding  area  subtended  by 
the  angle  a on  the  skin  are  neglected. 


ENDS  PERFECTLY  ^-VOID  FILLED  BY 


INSULATED  NITROGEN  BAG 


Figure  AIII-1.  Schematic  of  Cylindrical  Fuel  Tank 
2 • Nomenclature 


Symbol 

Definition 

Units 

k 

Area 

ft2 

a 

A convection  group  defined  where  used 

C 

Heat  capacity- 

Btu/°R 

c 

specific  heat 

Btu/Ib-OR 

°P 

Specific  heat  at  constant  pressure 

Btu/lb~°R 

°V 

Specific  heat  at  constant  volume 

Btu/lb-°R 

D 

Fuel  tank  diameter 

ft 

g 

O 

Gravitational  constant  » 4.17x10° 

ft/hr2 

h 

Heat  transfer  coefficient 

Btu/hr-ft2-°R 

K 

Conductance 

Btu/hr-°R 

k 

Thermal  conductivity 

Btu/hr-ft-°R 
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Symbol 

M 

T 

U 

u 

V 

▼ 

w 

¥• 

x 

a 

P 

T 

Subscripts 

a 

air 

d 

f 

i 

if 

it 

o 

03 


bjbsmks* 


Definition 


Units 


Mach  number  dimensionless 

Absolute  temperature  °R 

Unit  insulation  conductance  Btu/hr-ft^-°R 

Velocity  ft/hr 

Volume  ft3 

Specific  volume  ft^/lb 

Weight  lb 

Weight  rate  lb/hr 

Length  or  thickness  ft 

Angle  ary 

Volume  coefficient  of  thermal  expansion  °R“’^ 

Weight  density  lb/ft^ 

Viscosity  lb/ft-hr 

Time  hr 


Denotes  air 

Denotes  air-to-skin 

Denotes  time  at  end  of  flight  or  time  fuel 
tank  is  empty 

Denotes  fuel 

Denotes  insulation  or  inside  -when  used  with 
heat  transfer  coefficient 

Denotes  insulation-to-fuel 

Denotes  fuel  tank  insulation 

Denotes  original  value  or  outside  when  used 
with  heat  transfer  coefficient 

Denotes  atmospheric  static  temperature 
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Subscripts,  continued 

sf  Denotes  heat  storage  rate  of  fuel 

w Denotes  skin 

wi  Denotes  skin-to-inner-face  of  insulation 

1,2  Denotes  initial  and  final  values  for  a 

time  interval 


3.  Derivation  of  Equations 

Under  the  assumptions,  a general  heat  balance  for  the  case  of  a 
tank  -with  insulation  is 


■ ^wl  * qif  " *af  (AIII-1) 

•where  it  is  assumed  that  the  insulation  is  located  inside  of  the  aircraft 
skin,  on  the  outside  of  the  fuel  tank  wall.  Expressed  in  terms  of  conduct- 
ances and  temperature  potentials  this  becomes 

WW  - WVi)  ■ KifCTi-Tf)  - IjCTfZ-Ifl)  (AIII-2) 

Equation  (AIII-2)  is  strictly  true  when  based  on  mean  temperature  values  and 
mean  conductance  values  for  the  time  interval  at  corresponding  to  a fuel 
temperature  rise  • As  an  approximation,  the  conductances  are  based 

on  temperatures  prevailing  at  the  beginning  of  a time  interval.  Then  for 
short  time  intervals,  where  the  heat  transfer  rate  does  not  change  greatly 
during  the  interval,  the  following  relationship  is  derived  from  equation 
(AIII-2) 


(Tf2-Tfl)  - (if)  Wtal-Swl) 

The  following  equations  also  follow  from  equation  (AIII-2). 


Ta2  “ ^ 
Ta2  ~ Tf 2 


Ti2  " Tf2 
ra2  " Tf2 


1 


_r  T ,..1  . 

•3 — + — * tf— 

***  V *if 


1 

TZZ 


~T— T — r“ 


(AIII-3) 


(AIII-U) 


(AIII-5) 


For  a constant  flight  speed  and  altitude,  Tft  is  constant  so  that  T*2  ■ Ta]_. 
Equations  (AIII-3,  -U>  and  -5)  can  therefore  be  used  in  a stepwise  calcula- 
tion to  determine  the  fuel  temperature  rise. 
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Before  a calculation  procedure  can  be  established,  it  is  necessary  to 
define  the  conductances  appearing  in  the  above  equations*  The  conductance 
*aw  is  defined  as 

Kaw  “ k©  (AIII-6) 

where  the  external  heat  transfer  coefficient  h,-,  is  defined  by  (Ref*  AHI-2) 

ho  '-  0.028  | Irzrf'6  irpf3  (AIU-7) 

The  value  of  x to  be  used  depends  on  the  application,  since  it  is  a charac- 
teristic length  depending  on  the  external  configuration  of  a body  and  on 
the  position  oh  the  surface  of  the  body.  The  value  used  for  this  study  of 
fuel  temperatures  is  x ■ 10  ft*  To  facilitate  calculation,  it  is  convenient 
to  prepare  a plot  of  IIq  versus  (Ta+T^/2,  thereby  eliminating  repeated  eval- 
uation of  the  physical  properties  of  air  at  this  average  film  temperature  • 
An  example  of  such  a plot  is  given  in  Figure  AIH-2  for  flight  Mach  numbers 
of  2*5,  3«0,  and  3*5  at  an  altitude  of  40,000  ft. 

The  value  of  Af  varies  with  time  depending  on  the  rate  of  fuel  consump- 
tion and  the  fuel  temperature.  It  is  assumed  that  the  fuel  tank  is  full  at 
the  beginning  of  flight  and  contains  Wj0  pounds  of  fuel.  The  weight  of  fuel 
at  any  subsequent  time  is  therefore  given  by 

Wf  - W£o  - WfT  (AIII-8)  ' 

where  t is  the  time  elapsed  since  the  beginning  of  the  flight.  The  frac- 
tional weight  of  fuel  remaining  in  the  tank  at  any  time  is  therefore 
(Wf/fff Q) . The  specific  volume  of  ihe  fuel  at  ary  time  is  given  by 

y « v0(l  + p ATf ) (AIII-9) 

where  ATf  represents  the  temperature  rise  of  the  fuel  above  the  tempera- 
ture on  'rtiich  v0  is  based.  The  actual  volume  of  the  fuel  in  the  tank  at 
any  time  is  therefore  given  by 

V - irfv 

but  since  V0  * Wf  0v0 

(1+fJATf)  (AIII-10) 

A representative  value  of  p for  JB-3  fuel  is  p » 0.000565/°F.  For  the  case 
of  a cylindrical  tank  in  the  horizontal  position,  as  assumed  here,  a simple 
relationship  between  the  ratio  (v/70)  and  (Af/Af0)  can  be  used.  Figure 
AIII-3  displays  this  relationship  for  the  range  from  a completely  filled  to 
an  empty  tank.  The  value  of  Af  is  determined  from  this  for  use  in  the  con- 
ductance relationship. 
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Figure  AIII-2 

Forced  Convection  Heat  Transfer  Coefficient  on  Outside  of  Aircraft  Skin 


COHriPCHTtAt  ' 

The  conductance  K-jj*  is  defined  as 

Ktf  - (AIII-11) 

where  h^  is  the  heat  transfer  coefficient  for  free  convection  of  the  fuel 
in  the  tank.  A good  representation  of  this  is  (Ref.  AIII-1), 

hi  - 0.1k  [a(Ti~Tf)]^3  (AI 11-12) 

where 


For  convenience  in  calculation,  the  value  of  hi  has  been  prepared  in  graphi- 
cal form  for  an  appropriate  range  of  temperatures  Tw  and  Tf  or  Ti  and  Tj>. 

'I'i  is  involved  in  the  equation  for  h-j  only  if  an  insulating  effect  is  used 
between  the  skin  and  the  tank  wall.  Otherwise  Ti  is  replaced  with  in 
the  equation  far  h^.  The  plot  is  given  in  Figure  AIII-k.  Physical  proper- 
ties of  the  fuel  involved  in  hi  are  determined  at  the  average  convection 
film  temperature  of  (T^+Tfi/2  or  (T^+Tf )/2 . 

The  conductance  is  simply  that  for  heat  conduction  through  insula- 
tion, and  is  given  by 

V - (ki/xi)  (Ain-13) 

The  heat  capacitance  C is  simply  the  thermal  capacity  of  the  fuel  in 
the  storage  tank  at  any  instant,  and  is  given  by 

C - Wfc  (Alll-lli) 

These  equations  and  conductance  definitions  can  now  be  combined  into 
a calculation  procedure  for  the  evaluation  of  temperature  rise*  The  pro- 
cedure given  below  is  for  the  case  where  insulation  is  used*  The  case 
where  insulation  is  not  used  is  a simpler  one  for  which  the  reader  can 
easily  construct  a similar  procedure.  Conductances  are  based  on  the  tem- 
peratures prevailing  at  the  beginning  of  an  interval.  Fuel  weight  and 
wetted  areas  are  taken  at  their  average  values -for  a time  interval. 


ll . Calculation  Procedure  for  Fuel  Temperature  Rise 
1.  Calculate  Ta  far  the  flight  Mach,  number  and  altitude  from 

*.  - ♦$£?)*] 

Ta  “ .°R 

(This  calculation  need  not  be  repeated  if  flight  is  at  constant 
speed  and  altitude.) 

Uj2 
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Choose  the  length  of  the  time  interval  at. 


at  ■ 


hr 


3.  Calculate  the  -weight  of  fuel  remaining  in  the  tank 

Wf  « Wj>0  - WfT 

for  t at  the  middle  of  at. 


lb 


li.  Calculate 


where  ATf  is  based  on  Tn  for  the  interval, 
(for  JB-3  fuel,  E « O.OOD$65) 

(v/v0) 


$,  Find  (Af/A£0)  from  the  plot,  Figure  AIII-3,  and  calculate  kf • 

kf  • ft2 

6.  Get  h0  for  flight  speed  and  altitude  (for  example,  from 
Figure  AIII-2). 

hD  - Btu/hr-ft2-°R 


7.  Calculate  - ho  Af 


Btu/hr-°R 


8.  Calculate  C * Wfc  (for  JP-3  fuel,  get  c at  Tfi  frcm  Figure  Al-2). 

C - Btu/°R 

9.  Calculate  .(Ta-T^i) 


(VVL>  - 


Op 


10.  Calculate  (^£2*^fl)  ■ ( a t/ C ) Ta“T^i) j then  " (Tf2_Tf i)+Tfi 


Lf2 


°R 


11.  Calculate  K^i  ■ k±/x±  evaluating  kj_  at  (l»x+Tii)/2  if  it  is  de- 
sired to  account  for  the  variation  of  insulation  thermal  conduc- 
tivity with  temperature. 


Btu/hr-°R 


12.  Get  hi  for  Tii  and  Tfi  (for  JP-3  fuel,  use  Figure  AIII-IO 

hi  - Btu/hr-ft2-°R 
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13.  Calculate  ■ h^  Af 


%f 


Btu/hr-°R 


lit.  Calculate 

T~  (Ta”Tf2) 

. x aw 

<W)  - 1 - T~~T~ 

< w>  - — y 

15.  Calculate  V - Ta  - (Ta-V) 


Lw2 


°R 


16 . Calculate 

(Ta“Tf2> 

(Ti2“^f2)  - t — T~~T~ 

(Ti2“Tf2 

17*  Calculate  * If2  * ^Ti2“Tf2^ 


When  this  interval  calculation  is  completed,  the  values  of  Tfj>#  Tjp » 
and  1,2  are  used  as  Tfi,  Tjj.,  and  T,i  in  the  next  interval,  and  the  entire 
procedure  is  repeated. 


RESULTS 

To  explore  the  possibilities  of  using  fuel  as  a coolant,  a large  number 
of  calculations  were  made  for  both  insulated  and  uninsulated  fuel  tanks. 

The  significant  results  are  given  here. 

Figure  AIII-5  shows  the  effect  of  tank  diameter  and  flight  speed  on  the 
temperature  rise  of  JP-3  fuel.  It  is  assumed  that  the  fuel  is  consumed  at 
a uniform  rate,  and  that  the  tanks  are  emptied  in  0.25  hr.  The  solid  lines 
Indicate  temperature  rise  of  the  fuel,  and  show  clearly  that  the  fuel  is 
heated  more  rapidly  in  a tank  of  smaller  diameter.  This  results  from  the 
greater  ratio  of  tank  surface  area  to  weight  of  fuel  in  the  smaller  tank. 
Since  the  heat  is  transferred  through  the  wetted  surface  area  of  the  tank, 
the  smaller  tank  gives  a higher  ratio  of  heat  transferred  to  fUel  thermal 
capacity,  and  hence  a more  rapid  temperature  rise.  The  upper  dashed  lines 
show  the  corresponding  tank  wall  temperatures  (also  the  skin  temperature, 
since  no  insulation  is  used).  The  lower  dashed  lines  show  fuel  temperatures 
far  the  fuel  in  a 2 ft  and  6 ft  diameter  tank  at  M ■ 2.5.  The  lower  stagna- 
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tion  temperature  at  lower  flight  speed  results  in  slower  heating  of  the  fuel* 
In  all  of  the  cases  of  Figure  AIII-5  the  rapid  temperature  rise  at  the  end 
of  the  flight  is  due  to  the  great  increase  in  ratio  of  wetted  surface  to 
fuel  weight  as  the  cylindrical  tank  approachs  the  empty  point* 

Figure  AH  1-6  shows  the  effect  of  tank  diameter  on  temperature  rise  of 
JB-3  fuel  when  the  fuel  is  consumed  at  a rate  such  that  the  tank  would  be 
empty  at  the  end  of  a two-hour  flight.  The  flight  Mach  number  is  3*5,  and 
the  altitude  is  1*0,000  ft.  It  is  readily  seen  that  very  high  fuel  tempera- 
tures are  reached  in  less  than  two  hours,  indicating  that  some  insulation 
effect  would  be  required  if  the  fuel  were  to  remain  serviceable  to  the  end 
of  the  two-hour  flight*  It  should  be  noted  that  the  temperature  rise  here 
for  the  first  0.23  hr  is  less  than  that  for  the  0.25-hr  flight  in  Figure 
AIII-5,  because  of  the  lower  fuel  consumption  rate. 

Figure  AIII-7  is  a summary  plot  for  calculation  data  based  on  JF-3  fuel, 
U • 3*5,  Alt  ■ 1*0,000  ft,  no  insulation,  and  a fuel  consumption  rate  corre- 
sponding to  a two-hr  flight.  For  ary  tank  diameter,  the  chart  can  be  used 
to  determine  the  fuel  temperature  that  is  reached  at  a particular  flight 
time.  It  is  readily  seen  that  insulation  is  required  to  achieve  the  longer 
flight  time,  even  where  the  tank  is  quite  large.  The  high  temperatures  that 
are  reached  in  a short  time  without  insulation  not  only  make  the  fuel  useless 
as  a coolant,  but  would  probably  interfere  with  its  use  in  the  power  plant 
as  well. 

Figure  AIII-8  shows  the  effect  of  fuel  consumption  rate  on  the  tempera- 
ture rise  of  JP-3  fuel  at  three  flight  speeds  and  an  altitude  of  1*0,000  ft. 
An  uninsulated,  3 ft  diameter  tank  is  assumed.  The  fuel  consumption  rates 
are  such  as  to  give  an  empty  tank  in  0.25  hr,  0.50  hr,  1.0  hr,  and  2.0  hr. 

The  effect  whereby  the  fuel  temperature  in  a tank  of  high  consumption  rate 
is  at  first  below  and  later  above  that  for  a lower  consumption  rate  is 
readily  explained.  It  is  simply  due  to  the  change  of  wetted  surface  to 
volume  ratio  as  a cylindrical  tank  in  the  horizontal  position  is  drained 
from  the  full  to  the  empty  condition.  In  the  lower  portion  of  the  figure 
fuel  temperatures  are  shown  for  the  same  range  of  Mach  numbers,  but  using 
insulation  on  the  tank.  The  insulation  conductance  is  ■ (kt/sy.)  • 0.25 
Btu/hr-ft*— °R.  It  is  seen  that  the  insulation  has  a powerful  effect  on 
limiting  the  fuel  temperature  rise,  retaining  it  at  low  temperatures  which 
would  make  it  very  useful  as  a coolant.  The  initial  temperature  of  I*60°R 
(0°F)  could  be  achieved  by  precooling,  or  might  be  approximated  in  an  air- 
launched  craft.  An  Insulation  conductance  of  0.25  represents  approximately 
& two-inch  thickness  of  a material  such  as  rock  wool. 

Figure  AIH-9  shows  the  effect  of  various  amounts  of  insulation  on  the 
temperature  rise  of  JP-3  fuel.  The  flight  conditions  and  tank  size  are 
given  in  the  figure.  As  compared  to  the  case  of  no  insulation,  it  is  seen 
that  relatively  small  thicknesses  of  rigid  insulation  would  have  significant 
effect  in  limiting  the  fuel  temperature  rise.  For  example  U ■ 10,  would 
probably  represent  no  more  than  a one-quarter  inch  thickness  of  most  rigid 
cellular  materials.  Data  taken  from  this  figure  are  used  in  describing  fuel 
temperatures  in  various  Sections  of  this  report.  In  the  calculations  on 
which  the  curves  in  Figures  AIII-8  and  -9  are  based,  the  insulation  thermal 
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conductivity  is  assumed  constant  vrith  changing  temperature 
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APPENDIX  IV 

COMPILATION  OF  GENERAL  CALCULATION  AIDS 


The  group  of  charts  given  in  this  Appendix  is  a compilation  of  graphical 
aids  to  calculation.  Most  of  the  charts  are  used  in  several  Sections  of 
this  Report,  and  are  intended  to  lessen  the  calculation  labor  or  eliminate 
physical  property  evaluations  required  for  some  heat  transfer  calculations. 
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